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1.  Introduction 


Sprays  and  spray  processes  have  been  studied  extensively  due  to  their  many 
applications;  see  Faeth  (1996)  and  Faeth  et  al.  (1995)  and  references  cited  therein. 
Unfortunately,  sprays  are  complex  multiphase  turbulent  flows  and  fundamental 
understanding  of  their  properties  is  not  well  developed  —  particularly  those  processes 
relating  to  the  near-injector  dense  portion  of  the  flow.  This  is  a  serious  deficiency  because 
the  dense-spray  region  involves  the  breakup  of  the  liquid  to  form  a  dispersed  phase,  which 
is  crucial  to  the  mixing  properties  of  sprays,  and  also  generates  the  initial  conditions 
required  to  analyze  the  structure  of  the  better  understood  dilute  portion  of  sprays.  Thus,  the 
objective  of  the  present  investigation  was  to  study  two  aspects  of  dense  sprays  that  involve 
drop/gas  interactions,  namely:  (1)  secondary  drop  breakup,  which  is  an  intrinsic  outcome 
of  primary  breakup  of  the  liquid,  and  is  the  most  significant  rate  process  of  dense  sprays; 
and  (2)  turbulence  generation  by  dispersed  phases,  which  is  the  most  significant  source  of 
turbulence  production  within  dense  sprays.  The  research  has  relevance  to  air-breathing 
propulsion  systems,  liquid  rocket  engines  and  internal  combustion  engines,  among  others. 

The  following  description  of  the  research  is  brief.  Additional  details  may  be  found 
in  the  articles,  papers  and  theses  resulting  from  the  investigation  that  are  summarized  in 
Table  1.  The  table  also  provides  a  summary  of  the  participants  in  the  investigation,  oral 
presentations  of  research  results  and  a  summary  of  honors/awards  obtained  during  the 
grant  period.  Finally,  for  convenience,  several  articles  resulting  from  the  research  are 
reproduced  in  appendices,  as  follows:  Chou  et  al.  (1997),  Chou  and  Faeth  (1998),  Chen  et 
al.  (1998),  Wu  et  al.  (1995),  Faeth  et  al.  (1995),  and  Faeth  (1996). 

The  following  report  considers  secondary  breakup  and  turbulence  generation,  in 
turn.  Each  part  is  written  to  stand  alone  so  that  readers  can  skip  to  portions  of  the  report  of 
interest  to  them. 


Table  1.  Summary  of  Investigation 


Articles,  Papers,  Theses  and  Reports: 

Chen,  J.-H.  (1998)  Turbulence  Generation  in  Homogeneous  Dispersed  Particle-Laden 
Flows.  Ph.D.  Thesis,  The  University  of  Michigan,  Ann  Arbor,  Michigan,  in  preparation. 

Chen,  J.-H.,  Wu,  J.-S.  and  Faeth,  G.M.  (1998)  Turbulence  Generation  in  Homogeneous 
Particle-Laden  Flows.  AIAA  J..  submitted. 


Chen,  J.-H.,  Wu,  J.-S.  and  Faeth,  G.M.  (1998)  Turbulence  Generation  in  Homogeneous 
Particle-Laden  Flows.  AIAA  Paper  No.  98-0240. 

Chen,  J.-H.,  Faeth,  G.M.  and  Wu,  J.-S.  (1998)  Particle-Generated  Turbulence  in 
Dispersed  Homogeneous  Flows.  Bull.  Amer.  Phvs.  Soc.,  in  press  (abstract  only). 

Chou,  W.-H.  (1997)  Temporal  Variation  of  Drop  Properties  and  Formation  Rates  During 
Secondary  Breakup.  Ph.D.  Thesis,  The  University  of  Michigan,  Ann  Arbor,  MI. 

Chou,  W.-H.  and  Faeth,  G.M  (1998)  Temporal  Properties  of  Secondary  Drop  Breakup  in 
the  Bag  Breakup  Regime.  Int.  J.  Multiphase  Flow,  in  press. 
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Chou,  W.-H.,  Hsiang,  L.-P.  and  Faeth,  G.M.  (1997)  Temporal  Properties  of  Drop 
Breakup  in  the  Shear  Breakup  Regime.  Int.  J.  Multiphase  Flow.  23,  651-669. 

Chou,  W.-H.,  Hsiang,  L.-P.  and  Faeth,  G.M.  (1997)  Dynamics  of  Drop  Deformation  and 
Formation  during  Secondary  Breakup  in  the  Bag  Breakup  Regime.  AIAA  Paper  No.  97- 
0709. 

Dai,  Z.  and  Faeth,  G.M.  (1997)  Turbulent  Primary  Drop  Breakup  from  Free  Bow  Sheets. 
Bull.  Amer.  Phvs.  Soc.  42,  2195  (abstract  only). 

Dai,  Z.  and  Faeth,  G.M.  (1998)  Secondary  Drop  Breakup  from  Shock-Wave  Disturbances 
in  the  Multimode  Breakup  Regime.  Bull.  Amer.  Phvs.  Soc..  in  press  (abstract  only). 

Dai,  Z.  and  Faeth,  G.M.  (1998)  Temporal  Properties  of  Multimode  Secondary  Breakup. 
AIAA  Paper  No.  99-0333. 

Dai,  Z.,  Hsiang,  L.-P.  and  Faeth,  G.M.  (1997)  Spray  Formation  at  the  Free  Surface  of 
Turbulent  Bow  Sheets.  Proc.  21st  Svmp.  on  Naval  Hydrodynamics.  National  Academy 
Press,  Washington,  D.C.,  490-505. 

Dai,  Z.,  Chou,  W.-H.  and  Faeth,  G.M.  (1998)  Drop  Formation  due  to  Turbulent  Primary 
Breakup  at  the  Free  Surface  of  Plane  Liquid  Wall  Jets.  Phvs.  Fluids  10,  1 147-1157 

Dai,  Z.,  Sallam,  K.A.  and  Faeth,  G.M.  (1998)  Turbulent  Primary  Breakup  of  Plane  Free 
Bow  Sheets.  Proc.  22nd  Svmp.  on  Naval  Hydrodynamics.  National  Academy  Press, 
Washington,  D.C.,  in  press. 

Faeth,  G.M.  (1997)  Spray  Combustion:  A  Review.  Proc.  2nd  Inti.  Conf.  Multiphase 
Flow  (A.  Serizawa,  T.  Fukami  and  T.  Bataille,  ed.),  Kyoto  University,  Kyoto,  Vol.  1 , 
CO-1  to  CO- 16. 

Faeth,  G.M.  (1996)  Spray  Combustion  Phenomena.  26th  Symposium  ('International')  on 
Combustion.  The  Combustion  Institute,  Pittsburgh,  1593-1612. 

Faeth,  G.  M.  (1997)  Combustion  Fluid  Dynamics  (Tools  and  Methods).  Proc.  Workshop 
on  Fuels  with  Improved  Fire  Safety.  National  Academy  Press,  Washington,  D.C.,  81-96. 

Faeth,  G.M.  Hsiang,  L.-P.  and  Wu,  P.-K.  (1995)  Structure  and  Breakup  Properties  of 
Sprays.  Int.  J.  Multiphase  Flow  21  (Suppl.),99-127. 

Faeth,  G.M.,  Dai,  Z.  and  Hsiang,  L.-P.  (1995)  Turbulent  Primary  Drop  Breakup  in  Bow 
Sprays.  Bull.  Amer.  Phvs.  Soc.  41,  1766  (abstract  only). 

Hsiang,  L.-P.,  and  Faeth,  G.M.  (1995)  Drop  Deformation  and  Breakup  Due  to  Shock 
Wave  and  Steady  Disturbances.  Int.  J.  Multiphase  Flow  21,  545-560. 

Hsiang,  L.-P.  Wu,  J.-S.,  Chou,  W.-H.  and  Faeth,  G.M.  (1995)  Breakup  and  Turbulence 
Generation  in  Dense  Sprays.  Report  No.  GDL/GMF-95-01,  The  University  of  Michigan, 
Ann  Arbor,  MI, 

Ruff,  G.A.  and  Faeth,  G.M.  (1995)  Non-Intrusive  Measurements  of  the  Structure  of 
Dense  Sprays.  Prog.  Astro.  Aero.  166,  263-296. 
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Sallam,  K.A.,  Dai,  Z.  and  Faeth,  G.M.  (1998)  Drop  Formation  at  the  Surface  of  Plane 
Turbulent  Liquid  Jets  in  Still  Gases.  Int.  J.  Multiphase  Flow,  invited. 

Tseng,  L.-K.,  Ruff,  G.A.,  Wu,  P.-K.  and  Faeth,  G.M.  (1996)  Continuous-  and 
Dispersed-Phase  Structure  of  Pressure  Atomized  Sprays.  Prog.  Astro.  Aero.  171,3-30. 

Wu,  J.-S.  and  Faeth,  G.M.  (1995)  Effect  of  Ambient  Turbulence  Intensity  on  Sphere 
Wakes  at  Intermediate  Reynolds  Numbers.  AIAA  J..  33,  171-173. 

Wu,  J.-S.  and  Faeth,  G.M.  (1995)  Turbulence  Generation  in  Homogeneous  Particle-Laden 
Flows.  Bull.  Amer.  Phvs.  Soc.  40,  1993  (abstract  only). 

Wu,  P.-K.,  and  Faeth,  G.M.  (1995)  Onset  and  End  of  Drop  Formation  Along  the  Surface 
of  Turbulent  Liquid  Jets  in  Still  Gases.  Phvs.  Fluids  A  7,  2915-2917. 

Wu,  P.-K.,  Miranda,  R.F.  and  Faeth,  G.M.  (1995)  Effects  of  Initial  Flow  Conditions  on 
Primary  Breakup  of  Nonturbulent  and  Turbulent  Round  Liquid  Jets.  Atom.  Spray  5,  175- 
196,  "" 


Wu,  P.-K.,  Hsiang,  L.-P.  and  Faeth,  G.M.  (1995)  Aerodynamic  Effects  on  Primary  and 
Secondary  Breakup.  Prog.  Astro.  Aero.  169,  247-279. 

Participants: 
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2.  Secondary  Breakup 


2.1  Introduction 

Secondary  breakup  of  drops  is  an  important  fundamental  process  of  multi-phase 
flows  with  applications  to  liquid  atomization,  dispersed  multiphase  flow,  spray  drying, 
combustion  instability,  heterogeneous  detonations,  the  properties  of  rain  and  interactions 
between  high-speed  vehicles  and  rain,  among  others.  In  particular,  recent  studies  of  the 
structure  of  dense  sprays  confirm  the  conventional  view  of  liquid  atomization  that  primary 
breakup  of  the  liquid  surface  yields  drops  that  intrinsically  are  unstable  to  secondary 
breakup  and  that  secondary  breakup  tends  to  control  mixing  rates  in  dense  sprays  in  much 
the  same  way  that  drop  vaporization  tends  to  control  mixing  rates  in  dilute  sprays,  see 
Faeth  (1996),  Faeth  et  al.  (1995)  and  references  cited  therein.  Motivated  by  these 
observations,  the  objectives  of  the  present  investigation  were  to  study  drop  deformation 
and  breakup  for  well-defined  shock- wave  and  steady  disturbances. 

Reviews  of  past  work  on  secondary  breakup  are  reported  by  Faeth  (1996),  Faeth  et 
al.  (1995),  Hinze  (1995),  Hsiang  and  Faeth  (1992,  1993,  1995)  and  references  cited 
therein.  These  reviews  indicate  that  regimes  of  drop  deformation  and  breakup,  and  that  the 
outcomes  of  breakup  (i.e.,  drop  size  and  velocity  drop  size  and  velocity  distributions  after 
breakup)  when  effects  of  liquid  viscosity  are  small  (small  Ohnesorge  number  conditions), 
are  known  reasonably  well.  On  the  other  hand,  earlier  work  has  shown  the  drop  breakup 
processes  can  extend  over  significant  distances  and  times  compared  to  characteristic 
distances  and  times  of  the  dense  spray  region,  and  that  very  little  is  known  about  the 
temporal  properties  of  secondary  drop  breakup.  Thus,  the  objective  of  the  present 
investigation  was  to  resolve  the  temporal  properties  of  secondary  breakup,  i.e.,  the  drop 
size  and  velocity  distributions,  and  die  rate  of  liquid  removal  from  the  parent  drop,  as  a 
function  of  time  during  secondary  breakup.  The  methodology  involved  experiments  in 
shock  tubes  in  order  to  simulate  effects  of  drop  conditions  similar  to  drop  processes  at  the 
end  of  primary  breakup  in  practical  sprays.  Attention  was  limited  to  the  important  shear 
and  bag  breakup  regimes,  observed  at  small  Ohnesorge  numbers  where  effects  of  liquid 
viscosity  are  small.  Phenomenological  theories  were  used  to  help  interpret  and  correlate  the 
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measurements.  The  present  description  of  the  research  is  brief,  see  Hsiang  and  Faeth 
(1995),  Chou  and  Faeth  (1998)  and  Chou  et  al.  (1997)  for  more  details. 

2.2  Experimental  Methods 

Apparatus.  A  shock  tube  with  the  driven  section  open  to  the  atmosphere  was  used 
to  generate  shock-wave  disturbances.  The  driven  section  was  rectangular  (38  x  64  mm) 
with  a  length  of  6.7  m  to  provide  17-24  ms  of  uniform  flow  behind  the  shock  wave.  Shock 
strengths  were  weak  (shock  Mach  numbers  of  1.01-1.15);  therefore,  gas  properties  behind 
the  shock  waves  approximated  air  at  normal  temperature  and  pressure.  A  vibrating 
capillary  drop  generator,  with  electrostatic  selection  to  control  the  drop  spacing,  was  used 
to  provide  a  continuous  drop  stream  to  interact  with  the  shock  wave  at  the  test  location. 

Instrumentation.  Drops  were  observed  in  two  ways:  pulsed  shadowgraph 
photographs  to  visualize  the  breakup  process,  and  single-  and  double-pulsed  holography  to 
observe  the  outcome  of  breakup.  See  Hsiang  and  Faeth  (1992,  1993,  1995)  for  the  details 
and  experimental  uncertainties  of  these  measurements. 

Test  Conditions.  Test  conditions  can  be  summarized  most  easily  using  the  drop 
deformation  and  breakup  regime  map  of  Fig.  1 .  This  map  shows  the  various  deformation 
and  breakup  regimes  as  a  function  of  Weber  and  Ohnesorge  numbers,  as  suggested  by 
Hinze  (1955).  Two  regions  were  considered  during  the  present  study:  (1)  the  shear 
breakup  regime  with  We  of  125-370  and  Oh  of  0.003-0.039;  and  (2)  the  bag  breakup 
regime  with  We  of  13-20  and  Oh  of  0.004-0.043. 

2.3  Results  and  Discussion 

Shear  Breakup  Regime.  Except  where  noted  otherwise,  drop  size  distributions 
satisfy  the  universal  root  normal  distribution  of  Simmons  (1977).  This  distribution  has  two 
parameters  while  MMD/SMD  =1.2  for  the  universal  root  normal  form.  Thus,  drop  sizes 
are  a  fully  defined  by  a  single  parameter  which  will  be  taken  to  be  the  SMD  in  the 
following. 

Shear  breakup  involved  two  temporal  regimes:  (1)  the  transient  breakup  regime, 
and  (2)  the  quasi-steady  breakup  regime.  The  variation  of  SMD  as  a  function  of  time, 
showing  the  two  regimes,  is  illustrated  in  Fig.  2.  The  transient  breakup  regime  is  observed 
at  short  times  after  the  start  of  breakup,  particularly  for  liquids  that  have  a  small  liquid 
viscosity  so  that  the  temporal  rate  of  growth  of  the  thickness  of  the  boundary  layer  due  to 
gas  motion  over  the  windward  side  of  the  drop  is  slow.  At  the  end  of  this  period,  the 
boundaiy  layer  stabilizes  in  the  quasi-steady  period  with  a  thickness  that  is  more  or  less  a 
fixed  fraction  of  the  drop  diameter.  The  SMD  of  drops  produced  by  secondary  breakup 
can  be  correlated  reasonably  well  by  the  boundary  layer  thickness  in  both  regimes  to  yield: 

SMD(t)/d0  =  2.0(vLt/dg)1/2,  transient  period  (1) 

SMD(t)/d0  =  0.09,  quasi-steady  period  (2) 

where  the  smaller  of  these  two  estimates  should  be  used.  As  discussed  by  Chou  et  al. 
(1997),  Eqs.  (1)  and  (2)  are  consistent  with  the  findings  of  Hsiang  and  Faeth  (1992)  for 
the  jump  conditions  for  secondary  breakup  upon  noticing  that  these  jump  conditions 
emphasized  breakup  in  the  transient  regime.  The  corresponding  drop  velocity  distributions 
were  found  to  be  uniform  at  each  instant  of  time  with  velocities  approximating  the  velocity 


WEBER  NUMBER 


7 


OHNESORGE  NUMBER 


Fig.  1  Drop  deformation  and  breakup  regime  map  for  shock-wave  disturbances.  From 
Chou  et  al.  (1997). 
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Fig.  2  Temporal  variation  of  the  SMD  of  drops  produced  by  shear  breakup.  From  Chou 
et  al.  (1997). 
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of  the  parent  drop,  see  Hsiang  and  Faeth  (1993)  for  a  correlation  of  the  parent  drop  velocity 
based  on  phenomenological  theory. 

Drop  deformation  rates  were  estimated  based  on  a  simplified  analysis  as  described 
by  Chou  et  al.  (1997) .  The  resulting  formulation  was  rather  complex  but  it  was  found  that 
the  results  could  be  expressed  in  a  relatively  simple  correlation  as  illustrated  in  Fig.  3.  This 
expression  properly  accounts  for  the  fact  that  the  drop  only  deforms  with  no  breakup  for 

t/t*  <  1.5,  and  that  drop  breakup  ends  at  t/t*  =  5.5. 

The  extent  of  the  drop-containing  region  was  also  resolved  as  a  function  of  time  as 
illustrated  in  Fig.  4.  The  boundaries  of  the  drop-containing  region  are  given  by  the  motion 
of  the  parent  drop,  and  the  motion  of  the  smallest  drop  formed  at  the  onset  of  breakup.  The 
span  of  the  drop-containing  region  depends  on  the  liquid/gas  density  ratio  and  comprises 

x/d  =  40-120  at  the  end  of  breakup  for  pL/p0  =  1000  and  requires  a  time  period  of  t  =  5.5 
t*.  As  noted  earlier,  these  distances  and  times  can  be  large  compared  to  distances  and  times 
associated  with  the  dense  spray  region  in  some  instances.  Thus,  present  results  are  needed 
to  properly  treat  secondary  drop  breakup. 

Bag  Breakup  Regime.  The  bag  breakup  regime  involves  the  formation  of  a  thin 
bag  with  a  basal  ring  at  its  base.  The  basal  ring  contains  roughly  56%  of  the  initial  drop 
mass  and  eventually  yields  drops  that  are  nearly  monodisperse  due  to  Rayleigh  type 
breakup  and  have  mean  diameters  of  roughly  31%  of  the  original  drop  diameter.  The  bag 
contains  roughly  44%  of  the  initial  drop  mass  and  eventually  yields  nearly  monodisperse 
drops  having  mean  diameters  of  roughly  4%  of  the  initial  drop  diameter.  Drop  velocities  in 
each  case  are  nearly  uniform  and  can  be  associated  with  parent  drop  velocities  based  on 
phenomenological  theory. 

The  bag  breakup  process  involves  two  periods  of  liquid  removal  as  illustrated  in 
Fig.  5.  The  bag  breaks  up  in  the  first  period  which  occurs  where  t/t*  =  3. 2-3. 5.  The  basal 
ring  breaks  up  in  the  second  period  which  occurs  almost  simultaneously  at  t/t*  =  5.0. 

The  spatial  and  temporal  properties  of  bag  breakup  are  illustrated  in  Fig.  6.  The 
positions  of  the  parent  drop  and  the  most  remote  drop  are  illustrated  similar  to  behavior  in 
the  shear  breakup  regime  in  Fig.  4.  Similar  to  shear  breakup,  bag  breakup  is  seen  to  require 
significant  times  and  distances  and  should  be  treated  as  a  rate  processes  for  many 
applications. 

2.4  Conclusions 

Shear  Breakup.  Major  conclusions  for  shear  breakup  are  as  follows: 

(1)  Values  of  Oh>  0.1  involve  long  ligaments  from  the  periphery  of  the  drops 
so  that  present  results  are  limited  to  conventional  shear  breakup  with  Oh  <  0.1. 

(2)  Drops  produced  by  shear  breakup  satisfy  the  universal  root  normal 
distribution  with  MMD/SMD  =  1.2,  at  each  instant  of  time. 

(3)  The  SMD  of  drops  produced  by  shear  breakup  at  small  Oh  exhibit  transient 
and  quasisteady  regimes  as  given  by  Eqs.  (1)  and  (2). 

(4)  The  parent  drop  accelerates  rapidly  due  to  its  large  drag  coefficient  which  is 
caused  by  deformation. 


CUMULATIVE  REMOVED  VOLUME  PERCENTAGE 


Fig.  3  Degree  of  mass  removal  from  the  parent  drop  as  a  function  of  time  during  shear 
breakup.  From  Chou  et  al.  (1997). 
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Fig.  4  Growth  of  the  spray-containing  region  during  shear  breakup.  From  Chou  et  al. 
(1997). 


CUMIATIVE  REMOVED  VOLUME  PERCE 


Fig.  5  Cumulative  removed  volume  percentage  of  liquid  from  the  parent  drop 
function  of  time  during  bag  breakup.  From  Chou  and  Faeth  (1998). 
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Fig.  6  Streamwise  positions  of  the  parent  and  the  most  remote  drops  as  a  function  of 
time  during  bag  breakup.  From  Chou  and  Faeth  (1998). 
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(5)  Mean  velocities  of  drops  produced  by  shear  breakup  are  relatively 
independent  of  size  at  each  instant. 

(6)  Mean  and  fluctuating  velocities  at  each  instant  are  associated  with  the  parent 
drop  velocity  at  that  instant. 

(7)  The  rate  of  liquid  removal  from  the  parent  drop  can  be  correlated  quite 
simply  as  illustrated  in  Fig.  3. 

(8)  Shear  breakup  requires  significant  times  and  distances  and  should  be  treated 
as  a  rate  process  rather  than  by  jump  conditions  in  some  instances. 

Bag  Breakup.  Major  conclusions  for  bag  breakup  are  as  follows: 

(1)  The  basal  ring  contains  56%  of  the  drop  mass  and  yields  nearly  monodisperse 
drops  having  mean  diameters  of  roughly  30%  d0. 

(2)  The  bag  contains  the  rest  of  the  drop  liquid  and  yields  monodisperse  drops 
having  diameters  of  roughly  4%  d0. 

(3)  The  bag  and  basal  ring  drops  should  be  treated  as  separate  populations  formed 
at  t/t*=  3.2-3.5  and  5.0,  respectively. 

(4)  The  parent  drop  exhibits  large  acceleration  rates  due  to  its  large  drag  coefficient. 
Bag  and  ring  drops  have  nearly  uniform  velocities  associated  with  the  velocity  of  the  parent 
drop  when  they  are  formed. 

(5)  Bag  breakup  required  significant  times  and  distances  and  should  be  treated  as  a 
rate  process  in  some  instances. 

Current  Work.  In  view  of  these  findings  current  work  is  emphasizing  the  temporal 
properties  of  multimode  breakup,  which  is  bounded  by  the  bag  and  shear  breakup  regimes, 
see  Fig.  1. 


3.  Turbulence  Generation 


3.1  Introduction 

Turbulence  generation  by  drops  controls  the  turbulence  properties,  and  thus  the 
mixing  properties,  within  dense  sprays  (Faeth  et  al.  1996;  Faeth  et  al.  (1996).  This 
behavior  follows  because  velocities  are  relatively  uniform,  inhibiting  the  conventional 
production  of  turbulence,  while  the  relative  velocities  of  drops  are  large,  which  implies 
significant  flow  disturbances  from  drop  wakes  within  dense  sprays. 

Drop-generated  turbulence  differs  from  grid-generated  turbulence  because  drops  are 
present  throughout  the  flow,  and  their  arrival  at  any  point  is  random,  yielding  a  truly 
stationary  turbulent  field.  In  contrast,  grids  generate  turbulence  at  a  plane  of  the  flow 
yielding  an  unsteady  flow  field  that  subsequently  decays.  Thus,  drop-generated  turbulence 
is  unique  compared  to  conventional  turbulence  and  has  been  studied  very  little  in  spite  of  its 
importance  to  practical  spray  processes.  Motivated  by  these  observations,  turbulence 
generation  was  studied  during  this  phase  of  the  present  investigation. 

Past  studies  of  turbulence  generation  have  mainly  considered  homogeneous  dilute 
dispersed  flows  (Lance  and  Bataille  1982;  Parthasarathy  and  Faeth  1990;  Mizukami  et  al. 
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1992).  Lance  and  Bataille  (1982)  studied  homogeneous  air/water  bubbly  flows 
downstream  of  a  turbulence-generating  grid.  Effects  of  turbulence  generation  were 
observed  as  progressive  increases  of  turbulence  levels  with  increasing  void  fractions. 
Unfortunately,  these  results  are  difficult  to  interpret  due  to  combined  effects  of  turbulence 
generation  and  grid-generated  turbulence. 

Initial  work  in  this  laboratory  on  turbulence  generation  is  described  by 
Parthasarathy  and  Faeth  (1987,  1990)  and  Mizukami  et  al.  (1992).  Aside  from  qualitative 
observations  of  turbulence  generation  in  bubbly  jets  (Parthasarathy  and  Faeth  1987) 
experimental  conditions  consisted  of  uniform  fluxes  of  nearly  monodisperse  spherical  glass 
beads  falling  at  roughly  constant  speeds  in  stagnant  (in  the  mean)  air  and  water. 
Measurements  included  phase  velocities  and  turbulence  properties  of  the  continuous  phase. 
Turbulence  properties  were  analyzed  using  a  stochastic  method  based  on  Campbell’s 
theorem  (Rice  1954)  that  involved  synthesis  of  randomly-arriving  particle  wakes.  The 
measurements  showed  that  particle-generated  turbulence  had  rather  different  properties 
from  conventional  turbulence.  The  theory  helped  explain  this  behavior  as  a  result  of  the 
random  arrival  of  particle  wakes  so  that  mean  wake  properties  contribute  to  the  apparent 
turbulence  field.  However,  while  the  stochastic  theory  assisted  data  interpretation, 
quantitative  predictions  were  not  very  satisfactory  because  particle  wake  properties  at 
intermediate  Reynolds  numbers  (typical  of  drops  in  sprays)  in  turbulent  environments  were 
unknown  and  had  to  be  extrapolated  from  results  at  large  Reynolds  number  turbulent 
wakes  in  nonturbulent  environments.  These  studies  were  also  problematical  because  the 
nearly  stagnant  (in  the  mean)  continuous  phases  caused  significant  experimental 
uncertainties  due  to  the  resulting  large  turbulence  intensities  (up  to  1000%)  along  with 
problems  of  buoyant  disturbances. 

Subsequent  work  sought  to  resolve  the  properties  of  wakes  at  intermediate 
Reynolds  numbers  in  turbulent  (roughly  isotopic)  environments  (Wu  and  Faeth  1994, 
1995).  It  was  found  that  these  wakes  scaled  in  the  same  manner  as  self-preserving  laminar 
wakes  (Schlichting  1975)  but  with  enhanced  viscosities  due  to  the  presence  of  turbulence. 
Thus,  the  wakes  were  termed  “laminar-like  turbulent  wakes.”  Naturally,  the  properties  of 
laminar-like  turbulent  wakes  differed  considerably  from  the  wake  properties  assumed  by 
Parthasarathy  and  Faeth  (1990)  and  Mizukami  et  al.  (1992).  These  results  also  suggested 
that  turbulence  generation  dominated  flows  are  likely  to  consist  of  laminar-like  turbulent 
wakes  embedded  in  relatively  large  inter-wake  turbulent  regions.  Nevertheless,  differences 
between  the  ambient  turbulence  properties  of  the  wake  studies  and  actual  flows  dominated 
by  turbulence  generation  are  a  concern. 

Based  on  this  status,  the  specific  objectives  of  the  present  study  were  as  follows: 
(1)  to  complete  new  measurements  of  flow  properties  resulting  from  turbulence  generation 
with  reduced  experimental  uncertainties,  (2)  to  use  the  measurements  to  determine  the 
nature  of  the  wake  disturbances  and  the  potential  for  wake-to-wake  interactions  during 
turbulence  generation,  and  (3)  to  use  the  measurements  to  highlight  differences  between 
turbulence  fields  associated  with  turbulence  generation  and  more  conventional  turbulence. 
The  present  discussion  of  the  study  is  brief,  see  Chen  et  al.  (1998)  for  more  details. 

3.2  Experimental  Methods 

Apparatus.  A  sketch  of  the  test  apparatus  appears  in  Fig.  7.  The  arrangement 
consists  of  a  vertical  counterflow  wind  tunnel  with  upflowing  air  and  freely-falling 
particles.  The  air  flow  system  consisted  of  a  rounded  inlet,  a  flow  straightener  and  a 
contraction  with  air  flow  supplied  by  a  variable-speed  blower  at  the  top  of  the  tunnel.  The 
particle  flow  was  provided  by  a  variable-speed  screw  feeder  with  the  particles  dispersed  by 
an  array  of  screens  and  finally  aligned  to  the  vertical  direction  using  a  flow  straightener. 
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The  test  section  has  a  305  x  305  mm  crossection  with  glass  side  walls  to  provide  optical 
access. 


Instrumentation.  Particle  number  fluxes  were  measured  by  collecting  particles  in  a 
thin-walled  cylindrical  container  that  could  be  traversed  across  the  test  section. 

Gas  and  particle  velocities  were  measured  using  a  traversible  laser  velocimetry  (LV) 
system.  A  single-channel  dual-beam,  forward-scatter,  frequency-shifted  LV  was  used, 
finding  streamwise  and  crosstream  velocities  by  rotating  the  optics  accordingly.  The  air 
flow  was  seeded  with  oil  particles  for  gas  velocity  measurements  but  was  not  seeded  for 
particle  velocity  measurements.  Particle  velocity  signals  were  readily  determined  due  to 
their  large  signal  amplitudes  and  nearly  constant  velocities. 

Test  Conditions.  The  experiments  involved  nearly  monodisperse  spherical  glass 
particles  having  nominal  diameters  of  0.5,  1.1  and  2.2  mm.  These  particles  yielded 
Reynolds  numbers  in  the  range  106-990.  Turbulence  intensities  relative  to  the  mean  gas 
velocity  (1.1  m/s)  were  less  than  25%.  The  flows  were  dominated  by  turbulence  generation 
with  direct  dissipation  of  turbulence  due  to  particles  less  than  2%.  Particle  volume  fractions 
were  less  than  0.003%  so  the  flows  were  very  dilute.  The  resulting  relative  turbulence 
intensities  due  to  turbulence  generation  were  in  the  range  0.2-5.0%. 

3.3  Results  and  Discussion 

Apparatus  Evaluation.  Sampling  measurements  showed  that  particle  fluxes  varied 

less  than  10%  over  the  central  205  x  205  mm  crossection  of  the  flow  where  velocity 
measurements  were  made.  Mean  and  fluctuating  particle  and  gas  velocities  were  uniform 
over  the  same  crossection  for  positions  ±  100  mm  from  the  normal  measuring  plane. 

Particle  Wake  Properties.  Direct  temporal  records  of  streamwise  and  crosstream 
velocities  properly  indicated  wake  disturbances  that  increased  in  frequency  with  increasing 
particle  fluxes.  Typical  records  indicating  effects  of  particle  Reynolds  numbers  for  mid¬ 
range  particle  loadings  are  illustrated  in  Fig.  8  (Note  that  u  and  v  records  were  not  obtained 
at  the  same  time).  Relatively  large  negative  spikes  are  observed  on  the  streamwise  velocity 
records  indicating  wake  disturbances.  Corresponding  disturbances  on  the  crosstream 
velocity  records  are  absent  for  the  0.5  mm  particles  and  have  both  negative  and  positive  (or 
both)  values  for  the  larger  particles.  This  behavior  is  expected  based  on  the  known 
properties  of  laminar-like  turbulent  wakes  (Wu  and  Faeth  1994,  1995).  In  particular,  mean 
crosstream  velocities  in  these  wakes  are  always  small  while  the  crosstream  turbulence 
contribution  is  small  for  the  0.5  mm  particles  whose  Re  are  below  the  onset  of  eddy 
shedding  into  the  wake.  In  contrast,  laminar-like  turbulent  wakes  properties  of  the  1.1  and 
2.2  mm  particles  have  significant  crosstream  velocity  fluctuations  which  explains  the 
crosstream  wake  disturbances  seen  for  these  conditions.  Thus,  the  results  of  Fig.  8  are 
strongly  supportive  of  laminar-like  turbulent  wake  behavior  for  the  present  test  flows. 

A  further  evaluation  of  particle  wake  properties  is  illustrated  in  Fig.  9.  These  results 
involve  measurements  of  mean  velocities  in  particle  wakes  for  various  particle  sizes. 
Measurements  were  obtained  for  various  maximum  velocity  defects  which  represent  results 
for  paths  of  the  LV  measuring  volume  at  various  radial  distances  from  the  wake  axis. 
Effects  of  turbulence  were  handled  by  averaging  several  velocity  records.  Predictions  for 
the  same  mean  velocity  defects,  particle  sizes  and  ambient  turbulence  intensities  were 
obtained  from  the  laminar- like  turbulent  wake  properties  reported  by  Wu  and  Faeth  (1994, 
1995).  The  agreement  between  measurements  and  predictions  is  excellent,  supporting  the 
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Fig.  8  Effect  of  particle  Reynolds  number  on  streamwise  and  crosstream.velocity 
records.  From  Chen  et  al.  (1998). 
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Fig.  9  Measured  and  predicted  streamwise  velocities  in  particle  wakes  as  a  function  of 
time.  From  Chen  et  al.  (1998). 
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presence  of  laminar-like  turbulent  wake  properties  for  turbulence  generation  processes 
typical  of  sprays. 

The  proportions  of  wake  and  inter-wake  regions  were  estimated  based  on  the 
laminar-like  turbulent  wake  properties  combined  with  stochastic  simulations  to  find 
realizations  of  particle  positions.  Laminar-like  turbulent  wakes  were  associated  with  each 
particle  conservatively  assuming  that  wake  radii  were  equal  to  twice  the  characteristic  wake 
radii  and  extended  in  the  streamwise  direction  until  the  maximum  mean  velocity  defect 
equaled  the  ambient  rms  turbulent  fluctuations.  These  results  indicated  that  wake 
crossectional  areas  generally  were  less  than  30%  of  the  available  crossectional  area  and  that 
less  than  25%  of  the  wakes  experienced  direct  wake/wake  interactions  (mainly  weak 
interactions  far  from  both  particles).  Thus,  the  present  test  flows  involve  laminar-like 
turbulent  wakes  surrounded  by  relatively  large  inter-wake  regions  with  occasional  strong 
wake/wake  interactions:  actual  dense  sprays  should  be  similar. 

Probability  Density  Functions.  More  insight  about  the  effects  of  wake  disturbances 
on  total  turbulence  properties  can  be  obtained  from  PDF’s  of  velocity  fluctuations.  Typical 
results  along  these  lines  for  low  and  high  particle  loadings  for  0.5  mm  diameter  particles 
are  illustrated  in  Fig.  10.  The  PDF(u)  are  peaked  with  the  peak  shifted  toward  positive 
velocities  compared  to  the  mean  velocity,  which  comes  about  due  to  the  contribution  of 
wake  spikes  according  to  the  fundamental  properties  of  PDF’s,  see  Tennekes  and  Lumley 
(1972).  In  contrast,  the  PDF(v)  is  Gaussian,  due  to  the  absence  of  significant  wake 
disturbances  for  this  velocity  component.  Finally,  the  small  effect  of  particle  fluxes  on  the 
PDF’s  illustrated  in  Fig.  10  is  expected  because  PDF’s  are  generally  effected  by  the  shape 
rather  than  the  frequency  of  the  velocity  signal.  Similar  results  were  observed  for  PDF’s  at 
other  test  conditions  (Chen  et  al.  1998). 

Velocity  Fluctuations.  Present  measurements  of  streamwise  and  crosstream 
velocity  relative  turbulence  intensities,  i.e.,  rms  velocity  fluctuations  normalized  by  the 
relative  streamwise  particle  velocity,  could  be  correlated  in  terms  of  the  dissipation  factor, 
D,  similar  to  past  observations  of  Parthasarathy  and  Faeth  (1990)  and  Mizukami  et  al. 
(1992).  These  correlations  show  fair  agreement  among  the  three  studies  but  there  is 
significant  scatter  due  to  changes  of  particle  sizes  and  even  particle  flux  in  some  cases 
(Chen  et  al.  1998).  Thus,  these  correlations  are  only  tentative  pending  more  information 
about  inter-wake  properties  and  the  use  of  these  results  in  a  more  rational  conditional 
averaging  procedure  to  summarize  the  properties  of  flows  caused  by  turbulence  generation. 

Energy  Spectra.  Taylor’s  hypothesis  was  used  to  convert  measured  temporal 
spectra  into  energy  spectra.  As  an  example,  the  resulting  streamwise  energy  spectra  are 
illustrated  in  Fig.  11.  Measurements  are  shown  for  various  particle  sizes  and  fluxes.  A 
convenient  approximation  of  isotropic  turbulence  spectra,  where  the  -5/3  power  decay  in 
the  inertial  range  follows  a  -2  power  decay,  is  also  shown  on  the  plot. 

The  energy  spectra  correlate  reasonably  well  when  plotted  in  the  manner  of  Fig.  1 1 . 
The  spectra  actually  extend  beyond  the  range  shown  in  the  figure,  to  kLu  ~  100  which  is  on 
the  order  of  Kolmogorov  frequencies.  Thus,  the  spectra  exhibit  a  rather  large  range  of  kLu 
(roughly  four  decades)  even  though  present  particle  Reynolds  numbers  are  not  large  (less 
than  1000).  Much  of  this  behavior  is  typical  of  other  homogeneous  turbulence  fields  where 
disturbances  due  to  grids  (with  relatively  small  grid  element  Reynolds  numbers  )  yield 
turbulent  flows  having  extended  inertial  ranges.  Another  feature  of  the  present  flows 
enhances  this  behavior,  however,  because  both  mean  and  turbulent  contributions  to  wake 
disturbances  affect  the  spectra  because  wake  arrivals  are  random,  which  increases  the  range 
of  length  scales  in  the  signal.  Naturally,  similar  contributions  are  not  present  in  grid- 
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Fig.  10  Streamwise  and  crosstream  velocity  PDF’s  at  low  and  high  particle  loadings  for 
0.5  mm  particles.  From  Chen  et  al.  (1998) 
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Fig.  1 1  Energy  spectra  of  streamwise  velocity  fluctuations  for  various  particle  loadings 
and  sizes.  From  Chen  et  al.  (1998). 
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generated  turbulence  because  measurements  of  these  flows  are  made  well  downstream  of 
the  region  that  has  significant  direct  wake  disturbances. 

The  energy  spectra  of  Fig.  1 1  also  provide  direct  evidence  of  contributions  from 
mean  velocities  in  wake  disturbances.  In  particular,  the  spectra  exhibit  prominent  -1  and  - 
5/3  decay  regions  with  increasing  wave  numbers  where  the  former  is  caused  by  mean 
velocity  distributions  in  wakes  and  the  latter  is  caused  by  turbulence  contributions  from 
both  the  wakes  and  the  inter-wake  region  (Chen  et  al.  1998). 

3.4  Conclusions 

The  major  conclusions  of  the  turbulence  generation  study  thus  far  are  as  follows: 

1 .  Measurements  of  gas  velocities  indicate  that  particle  wake  properties  of  the  present 
turbulence  generation  processes  correspond  to  the  laminar-like  turbulent  wakes 
observed  by  Wu  and  Faeth  (1994,  1995). 

2.  Dispersed  flows  typical  of  dense  sprays  involve  wake  disturbances  (involving 
crossectional  areas  less  than  30%  of  the  whole)  embedded  into  relatively  large  inter¬ 
wake  turbulence  regions  with  relatively  few  (less  than  25%)  direct  wake/wake 
interactions  (mainly  limited  to  regions  far  from  both  wake-generating  objects). 

3 .  Present  relative  turbulence  intensities  agreed  reasonably  well  with  earlier  observations 
of  Parthasarathy  and  Faeth  (1990)  and  Mizukami  et  al.  (1992)  for  flows  in  nearly  still 
liquids  and  gases  (in  the  mean).  The  resulting  correlations  for  various  particle  sizes 
and  fluxes  are  somewhat  scattered,  however,  and  are  only  tentative  pending 
development  of  more  rational  methods  based  on  conditional  averages  for  wake 
disturbances  and  inter  wake  regions. 

4.  PDF’s  and  energy  spectra  provided  direct  evidence  for  effects  of  both  wake 
disturbances  and  inter-wake  turbulence  regions,  with  wake  disturbances  contributing 
to  peaked  PDF’s  and  to  -1  power  decay  regions  of  energy  spectra.  The  contributions 
from  both  wake  disturbances  and  inter-wake  regions  also  are  responsible  for  the 
surprisingly  large  range  of  scales  seen  in  flows  caused  by  turbulence  generation  in 
spite  of  small  particle  Reynolds  numbers. 

Current  work  seeks  a  more  rational  basis  to  understand  turbulence  generation  by 
studying  the  inter-wake  region  now  that  effects  of  wake  disturbances  are  reasonably 
understood.  Given  detailed  information  about  the  inter-wake  region,  the  use  of  conditional 
averages  over  the  wake  and  inter-wake  regions  should  provide  a  more  fundamental  estimate 
of  flow  properties  than  the  past  methods  of  Parthasarathy  and  Faeth  (1990)  and  Mizukami 
etal.  (1992). 
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Abstract  The  temporal  properties  of  drop  breakup  in  the  shear  breakup  reeime  were  studied  using  pulsed 
shadowgraphs-  and  holography  for  shock  wave  disturbances  in  air  at  non^al  temperature  and  pressure 
Test  conditions  included  Weber  numbers  of  125-375.  Ohnesorae  numbers  of  0.003-0  IW)  liquid  eas 
density  ratios  of  670-990  and  Reynolds  numbers  of  3000- 1 2000.  fh<  size  distributions  of  drops  produc-d 
by  breakup  satisned  Simmons*  universal  root  normal  distribution  function  at  each  instant  of  time,  with 
Sauter  mean  diameters  independent  of  surface  tension  that  exhibited  transient  and  quasi-steadv  regimes 
as  a  function  of  time.  The  velocity  distribution  functions  of  drops  produced  bv  breakup  were  uniform 
with  mean  drop  velocities  somewhat  larger  than  the  velocity  of  the  parent  drop  and  rms  drop  velocitC 
fluctuations  of  30-»0V.  of  the  mean  streamwise  velocity  of  the  gas  relative  to  the  parent  drop,  at  each 
instant  of  time.  The  rate  of  liquid  removal  from  the  parent  drop  was  correlated  reasonable’  well  bv  a 
clipped  Gaussian  function.  The  measurements  showed  that  shear  breakup  is  not  a  localized  event:  instead 
it  extends  over  streamw-ise  distances  of  0-100  initial  drop  diameters,  which  suggests  that  it  should  be 
treated  as  a  rate  process,  rather  than  by  jump  conditions,  in  some  instances.  £  1997  £lscvi<r  Science  Ltd. 


Key  Words:  drop  breakup,  drop  dynamics,  pulsed  holography,  sprays,  atomization 


1.  INTRODUCTION 

The  breakup  of  individual  drops,  which  is  often  called  secondary  breakup,  is  an  important 
fundamental  process  of  sprays.  For  example,  drops  formed  by  breakup  of  liquid  surfaces,  which 
is  often  called  primary  breakup,  are  intrinsically  unstable  to  secondary  breakup,  while  secondary 
breakup  can  be  the  rate  controlling  process  within  dense  sprays  in  much  the  same  way  that  drop 
vaporization  can  be  the  rate  controlling  process  within  dilute  sprays  (Faeth  1990.  1996:  Wu  ft  at. 
1995).  Motivated  by  these  observations,  the  objective  of  the  present  investigation  was  to  extend 
earlier  studies  of  the  regimes  and  outcomes  of  secondary  breakup  due  to  shock-wave  disturbances 
(Hsiang  and  Faeth  1992.  I99j,  1995).  to  consider  the  evolution  of  breakup  as  a  function  of  lime 
during  breakup. 

Earlier  studies  of  drop  breakup  are  discussed  by  Wu  tt  at.  (1995).  Faeth  (1990.  1996).  Giffen 
and  Muraszew  (1953).  Hinze  (1955).  Clift  tt  at.  (1979).  Krzeczkowski  (1980)  and  Wierzba  and 
Takayama  (1987.  19SS).  among  others.  Shock-wave  disturbances  were  considered  during  most 
earlier  studies,  providing  a  step  change  of  the  ambient  environment  of  the  drop,  similar  to 
conditions  experienced  by  drops  at  the  end  of  primary  breakup.  The  main  findings  of  this  work 
included  the  conditions  required  for  particular  deformation  and  breakup  regimes,  the  times 
required  for  the  onset  and  end  of  breakup,  the  drag  properties  of  deformed  drops,  and  drop  size 
and  velocity  distributions  at  the  end  of  the  breakup  process  (i.e.  the  jump  conditions).  An 
interesting  feature  of  these  results  is  that  drop  breakup  extended  over  appreciable  regions  of  lime 
and  space  and  was  not  properly  described  by  jump  conditions  in  some  instances.  This  behavior 
can  be  illustrated  in  terms  of  the  characteristic  breakup  time.  t\  of  Ranger  and  Nicholls  (196S). 
defined  as  follows 


f  *  -  d'ipJpcY  V«. .. 
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tTo  w-hom  correspondence  should  be  addressed. 
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where  (/  is  (he  drop  diameter,  p  is  density,  u  is  steamwise  drop  velocity  relative  to  the  ias.  the 
subscripts  L  and  G  denote  liquid  and  gas  properties,  and  the. subscript  o  denotes  conditions  a:  the 
start  or  breakup.  Liang  et  al.  (19SS)  show  that  breakup  times  for  a  wide  range  of  conditions  are 
0.5  t  .  which  is  comparable  to  flow  residence  times  within  the  dense  sprav  reeion  where  secondary 
breakup  is  a  dominant  process  (Faeth  1990.  1996:  Wu  etal.  199  5).  Viewed  another  way.  the  original 
(or  parent)  drop  moves  roughly  40  initial  drop  diameters,  while  the  smallest  drops  formed  by 
breakup  move  up  to  100  initial  drop  diameters,  during  the  period  of  breakup  within  the  shear 
breakup  regime  (Hsiang  and  Faeth  1992.  1993.  1995).  Such  distances  can  represent  a  significant 
fraction  ot  the  length  of  the  dense  spray  region.  These  observations  suggest  that  the  time-resolved 
features  of  secondary  breakup  eventually  must  be  understood.  Thus,  the  present  studv  seeks  to 
provide  some  of  this  information  by  carrying  out  new  measurements  within  the  shear  breakup 
regime,  where  breakup  proceeds  by  the  stripping  of  drop  liquid  from  the  periphery  of  the  parent 
drop,  because  this  regime  tends  to  dominate  drop  breakup  in  practical  sprays  (Hsiang  and  Faeth 
1995).  Phenomenological  theories  also  were  developed  to  help  interpret  and  correlate  the 
measurements. 

The  present  measurements  were  carried  out  using  a  shock  tube  facility,  with  the  drop 
environment  approximating  air  at  normal  temperature  and  pressure  (NTP).  Properties  during 
breakup  were  observed  using  pulsed  shadowgraphy  and  holography.  Test  conditions  were  limited 
to  relatively  large  liquid  gas  density  ratios  (p,JpG  >  500)  in  order  to  minimize  potential 
complications  due  to  the  inertia  of  the  continuous  phase.  The  test  conditions  also  involved  limited 
ranges  of  Weber  and  Ohnesorge  numbers,  which  Hinze  (1955)  has  shown  dehne  the  boundaries 
of  the  shear  breakup  regime  at  large  liquid  gas  density  ratios.  The  Weber  number.  We.  is  a  measure 
of  the  relative  importance  of  drop  drag  and  surface  tension  forces,  and  is  defined  as  follows 

We  *  pGd%u\‘,c.  [2J 

where  c  is  the  surface  tension  of  the  drop  liquid.  The  Ohnesorge  number.  Oh.  is  a  measure  of  the 
relative  importance  of  liquid  viscous  forces  and  surface  tension  forces,  and  is  defined  as  follows 

Oh  =  A'L [3]* 

where  p  is  the  molecular  viscosity.  The  experiments  involved  relatively  small  initial  Ohnesorge 
numbers  (Oh  <  0.04)  in  order  to  minimize  potential  complications  due  to  effects  of  liquid  viscosity. 
For  this  range  of  Oh,  operation  in  the  shear  breakup  regime  requires  We  >  90,  in  order  to  exceed 
the  multimode/shear  breakup  regime  transition,  and  We  <  S00,  in  order  not  to  exceed  the 
shear/drop-piercing  (or  shear/catastrophic)  breakup  regime  transition  (Giffcn  and  Muraszew  1953* 
Hinze  1955;  Reinecke  and  McKay  1969;  Reinecke  and  Waldman  1970).  Drop  liquids  included 
water,  ethyl  alcohol  and  various  glycerol  mixtures  in  order  to  provide  information  about  effects 
of  drop  liquid  properties. 


2.  EXPERIMENTAL  METHODS 

2.1.  Apparatus 

The  test  apparatus  will  be  described  briefly  because  it  was  similar  to  earlier  work  (Hsiang  and 
Faeth  1992,  1993,  1995).  A  shock  tube  with  the  driven  section  open  to  the  atmosphere  was  used 
for  the  measurements.  The  driven  Section  had  a  rectangular  cross-section  (3S  mm  wide  and  64  mm 
high)  and  was  sized  to  provide  test  limes  of  17-21  ms  in  the  uniform  flow  region  behind  the  incident 
shock  wave.  The  test  location  had  quartz  windows  to  allow  observations  of  drop  breakup. 

A  vibrating  capillary  tube  drop  generator,  similar  to  the  arrangement  described  by  Dabora 
(1967),  was  used  to  generate  a  stream  of  drops  having  a  constant  diameter.  An  electrostatic  drop 
selection  system,  similar  to  Sangiovanni  and  Kestin  (1977).  was  used  to  control  the  spacing  between 
drops.  This  drop  stream  passed  vertically  across  the  shock  tube  at  the  test  location.  The  spacing 
between  drops  was  5-7  mm  while  drop  sizes  were  £  1  mm;  therefore,  drops  always  were  present 
within  the  region  observed  while  interactions  between  adjacent  drops  during  shear  breakup  were 
negligible. 
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2.2.  Instrumentation 

Pulsed  holography  and  shadowgraph)*  were  used  to  observe  the  properties  of  the  parent  drop 
and  the  drops  produced  by  breakup  as  a  function  of  time  during  breakup.  The  holocamera  used 
two  frequency  doubled  YAG  lasers  (Spectra  Physics  Model  GCR-I30,  532  nm  wavelength,  7  ns 
pulse  duration,  up  to  300  mJ  per  pulse)  which  could  be  fired  with  pulse  separations  as  small  as 
100  ns.  An  off-axis  holocamera  arrangement  was  used  with  the  optics  providing  a  25  mm  diameter 
field  of  view  at  the  test  drop  location.  Reconstruction  of  the  double-pulse  holograms  yielded  two 
images  of  the  spray  so  that  drop  velocities  could  be  found  given  the  lime  of  separation  between 
the  pulses  (which  was  measured  with  a  digitaLoscilloscope).  The  second  laser  pulse  was  somewhat 
weaker  than  the  first,  which  allowed  directional  ambiguity  to  be  resolved  because  stronger  pulses 
yielded  sharper  reconstructed  images.  This  arrangement  also  provided  shadowgraph)'  by  blocking 
the  reference  beam. 

The  hologram  reconstruction  system  was  modified  from  Hsiang  and  Faeth  (1992.  1993,  1995). 
A  helium-neon  laser  (Spectra  Physics  Model  124B,  cw  laser.  35  mW  of  optical  power)  *4s  used 
to  reconstruct  the  image,  which  was  observed  using  a  CCD  camera  (Sony.  Model  XC-77)  with 
optics  to  yield  a  magnification  of  300:1  and  a  field  of  view  of  the  image  (on  the  monitor)  of 
1.2  x  1.4  mm.  The  optical  data  was  obtained  using  a  frame  grabber  (Data  Translation  DT  285!) 
and  processed  using  Media  Cybernetics  Image-Pro  Plus  software.  Various  locations  in  the 
hologram  reconstruction  were  observed  by  traversing  the  hologram  in  two  directions,  and  the 
videocamera  of  the  image  display  in  the  third  direction.  Positions  were  selected  for  viewing  using 
stepping  motor  driven  linear  traversing  systems  (Velmex,  Model  VP9000)  having  I  pm  positioning 
accuracies.  The  combined  holocamera/reconstruction  system  allowed  objects  as  small  as  3  pm  to 
be  observed  and  objects  as  small  as  5  pm  to  be  measured  with  5%  accuracy. 

Drop  sizes  and  velocities  were  measured  as  described  by  Hsiang  and  Faeth  (1992.  1993,  1995). 
Present  results  were  found  by  summing  over  at  least  four  realizations,  and  considering  50-100 
liquid  elements,  in  order  to  provide  drop  diameter  and  velocity  correlations.  These  sample  sizes 
were  smaller  than  past  studies  of  jump  conditions  in  order  to  maintain  a  manageable  test  program 
while  resolving  drop  properties  as  a  function  of  time.  Estimated  experimental  uncertainties  (95% 
confidence)  are  less  than  15%  for  drop  diameters  and  less  than  20%  for  stream  wise  mean  drop 
velocities  and  rms  drop  velocity  fluctuations;  uncertainties  of  cross-stream  mean  velocities  are 
larger  due  to  the  smaller  values  of  these  velocities,  as  discussed  later. 

2.3.  Test  conditions 

The  test  conditions  arc  summarized  in  table  1.  The  liquid  properties  were  obtained  from  Lange 
(1952).  except  for  the  surface  tensions  of  the  glycerol  mixtures  which  were  measured  in  the  same 
manner  as  V*  u  et  at.  (1991).  Shock  wave  Mach  numbers  in  the  shock  tube  were  relatively  low,  less 
than  1.15,  therefore,  the  physical  properties  of  the  gas  in  the  uniform  flow*  region  behind  the  shock 
wave,  where  drop  breakup  occurred,  were  nearly  the  same  as  air  at  NTP.~ 

The  specific  range  of  the  present  tests  is  illustrated  on  the  drop  deformation  and  breakup  regime 
map  appearing  in  figure  I.  This  regime  map  is  extended  from  Hsiang  and  Faeth  (1995)  to  include 
new  transitions  measured  during  the  present  investigation,  as  follows:  the  shear/drop-piercing  (or 
catastrophic)  breakup  regime  transition  at  large  We.  first  observed  by  Reinecke  and  McKay  (1969). 
and  the  more  qualitative  shear, 'long-ligament  breakup  regime  transition  at  large  Oh.  to  be  discussed 
later.  Aside  from  experiments  used  to  define  the  shear/drop-piercing  and  shear/lonc-lieameni 

_ Table  L  Summary  of  Ihe  lest  conditions* 

Pv  p<.  x  10*  n  </, 


Liquid 

(kg.'m’) 

(kg:ms) 

(mN/ntl 

(pm) 

Oh  *  10* 

Re 

Water 

997 

8.94 

70.S 

590-1000 

3.4-t.4 

J930-I1I50 

Ethyl  alcohol 

800 

16.0 

24.0 

780-1000 

1 1.5-13. 1 

3070-5740 

Glycerol.  (42%): 

1105 

35.0 

65.4 

1000 

13.0 

6000-1 ! 180 

Glycerol  (63%  )2 

1162 

I0S.0 

64. S 

1000 

39.4 

5SJ0-II240 

tAir  initially  at  98. 8  kPa  and  298  3  2  K  in  the  driven  section  of  the  shock  tube.  Shock  Mach 
numbers  in  the  range  t.OM.15  with  We  in  the  range  125-575.  Properties  of  the  air  were  taken 
at  normal  temperature  and  pressure:  pc  »  l.tSkg:m\  -m.  «  13.5  *  I0*4kg.ms. 

: Percentage  glycerin  by  mass. 
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Figure  I.  Drop  deformation  and  breakup  regime  map  for  thock-w?ve  disturbances,  extended  from  Hsiang 

and  Fae:h  (1995). 


breakup  regime  transitions,  however,  present  measurements  were  confined  to  the  cross-hatched 
region  which  is  conserva lively  located  well  within  the  shear  breakup  regime  at  small  Ohnesorge 
numbers.  This  involved  pjpc  of  670-990,  We  of  125-375  and  Oh  of  0.003-0.040.  The  range  of 
initial  drop  Reynolds  numbers.  Re.  was  3000-12000,  where 

Re  «  pcuJJpc-  [4] 

These  values  of  Re  are  higher  than  conditions  where  the  gas  viscosity  has  a  significant  effect  on 
drop  drag  properties,  e.g.  the  drag  coefficient,  C0.  for  spheres  only  varies  in  the  range  0.4-0.5  for 
this  Reynolds  number  range  (White  1974). 


3.  RESULTS  AND  DISCUSSION 


j.l.  Flo w  visualization 

Pulsed  shadowgraph  flow  visualizations  provide  an  overview  of  the  temporal  properties  of  shear 
breakup.  Figure  2  is  an  illustration  of  a  series  of  these  shadowgraphs  for  a  condition  toward  the 
lower  Oh  values  considered  during  the  present  study,  see  figure  1.  It  should  be  noted  that  the  onset 
and  end  of  breakup  (where  liquid  removal  from  the  parent  drop  begins  and  ends)  occur  at  iff 
of  roughly  1.5  and  5.5,  respectively  (Liang  et  al.  1988),  for  reference  purposes.  The  shock  wave, 
and  the  flow  velocities  behind  the  shock  wave,  pass  from  the  top  to  the  bottom  of  the 
shadowgraphs. 
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The  shadowgraphs  illustrated  in  nsture  3  are  qualitatively  similar  ta  rt,*;  5  ,  .  I 
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GLYCEROL(75%),  We=250,  Oh=0.099 


Figure  j.  Flash  shadowgraphs  of  ihe  shear  breakup  of  a  glycerol  drop  {75%  glycerin  by  mass)  as  a  function 
of  rime:  JL  »  1000  ;*m.  We  ■  '50  and  Oh  -  0.099. 


breakup  points  along  very  long  ligaments  seen  at  these  conditions,  even  when  using  holography, 
however,  is  very  problematical.  Thus,  present  test  conditions  were  limited  to  Oh  S  0.04  which 
yielded  manageable  ligament  lengths  in  a  region  somewhat  below  the  transition  to  the 
long-ligament  shear  breakup  regime. 


3.2.  Drop  sizes 

3.2.1.  Drop  size  distribution. The' evolution  of  drop  si2e  distributions  during  shear  breakup  was 
considered  first  because  this  anects  the  information  needed  to  characterize  secondary  breakup 
properties.  The  main  issue  was  to  determine  whether  drop  size  distributions  varied  appreciably 
from  the  universal  root  normal  distribution  with  MMDfSMD  =  1.2.  where  MMD  and  SMD  are 
the  mass  median  and  Sauter  mean  diameters  of  the  distribution,  respectively,  proposed  by  Simmons 
(1977).  which  has  been  found  to  be  satisfactory  for  a  variety  of  drop  breakup  processes  (Faeth 
1990.  1996:  Wu  et  at.  1995:  Hsiang  and  Faeth  1992.  1993.  1995).  See  Belz  (1973)  for  a  discussion 
of  the  properties  of  the  root  normal  distribution  function. 

Tvpical  results  from  the  drop  size  distribution  measurements  are  illustrated  in  figure  4.  The 
number  of  drops  available  to  define  the  drop  size  distribution  for  each  breakup  condition  and  t;tm 
is  limited,  which  accounts  for  the  significant  scatter  of  drop  size  distribution  properties  seen  in 
figure  4.  Nevertheless,  within  the  scatter  of  the  data,  drop  sizes  produced  by  secondary  breakup 
are  represented  reasonably  well  by  the  universal  root  normal  size  distribution  function  with 
MMD;  SMD  =  1.2.  This  behavior  is  plausible  because  primary  and  secondary  breakup  processes, 
as  well  as  drops  at  various  positions  within  dense  sprays,  generally  satisfy  the  universal  root  normal 
size  distribution  function,  as  mentioned  earlier.  With  the  two-parameter  root  normal  size 
distribution  function  established  for  the  temporal  behavior  of  secondary  drop  breakup,  drop  size 
information  can  be  summarized  by  the  SMD  alone  (Hsiang  and  Faeth  1992). 

3.2.2.  Temporal  evolution  of  the  SMD. General  description.  Correlating  expressions  for  the  SMD 
as  a  function  of  time  during  secondary  breakup  in  the  shear  breakup  regime  were  sought  using 
methods  similar  to  Hsiang  and.  Faeth  (1992)  and  Wu  et  al.  (1991).  The  present  approach  was 
motivated  by  the  flow  visualizations  illustrated  in  figures  2  and  3.  These  results  show  that  ligaments 
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(which  subsequently  break  up  into  drops  having  comparable  diameters)  are  stripped  at  the 
periphery  of  the  parent  drop  from  the  liquid-phase  vortical  region  (or  boundary  layer-like  flow) 
that  forms  along  the  liquid  surface  on  the  upstream  (windward)  side  of  the  drop  during  secondary 
breakup  in  the  shear  breakup  regime.  This  behavior  also  was  suggested  by  earlier  work  which 
showed  that  drop  sizes  after  secondary  breakup  mainly  depend  on  the  viscosity,  rather  than  the 
surface  tension,  of  the  liquid  phase  (Hsiang  and  Faeth  1992).  In  addition,  initial  measurements 
during  the  present  investigation  also  suggested  a  strong  effect  of  liquid  viscosity  on  the  drop  sizes 
produced  by  secondary  breakup.  Finally,  two  basic  types  of  behavior  were  observed  during  present 
experiments,  as  follows:  (I)  a  regime  where  there  was  a  progressive  increase  of  ligament  diameters, 
and  a  corresponding  increase  of  the  SMD  of  drops  formed  from  these  ligaments,  as  a  function 
of  time  during  breakup,  which  was  mainly  seen  when  the  liquid  viscosity  and  the  time  after  the 
start  of  breakup  were  both  small  (this  behavior  is  best  characterized  by  the  flow  visualization  of 
figure  2);  and  (2)  a  regime  where  the  ligament  diameters,  and  the  SMD  of  drops  formed  from  these 
ligaments,  were  relatively  independent  of  time,  which  was  mainly  seen  when  the  liquid  viscosity 
and  the  time  after  the  start  of  breakup  were  both  large  (this  behavior  is  best  characterized  by  the 
flow  visualization  of  figure  3).  Thus,  liquid  viscosity  had  an  important  effect  on  drop  sizes  even 
though  all  test  conditions  involved  sufficiently  small  Ohnesorge  numbers  so  that  variations  of  liquid 
viscosity  did  not  affect  criteria  for  the  onset  of  breakup,  see  figure  1.  Both  of  these  behaviors  suggest 
that  vorticity  within  the  parent  drop  affects  breakup:  therefore,  these  effects  will  be  considered 
similar  to  past  study  of  drop  size  jump  conditions  due  to  Hsiang  and  Faeth  (1992). 
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Figure  4.  Diameter  distribution  of  drops  produced  by  shear  breakup  plotted  according  to  the  root  normal 

distribution  function. 
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TRANSIENT 

Figure  5.  Sketch  of  the  transient  shear  breakup  mechanism  at  small  Ohnesorge  numbers  {/'/«  £  l). 

The  phenomenological  analyses  to  find  the  temporal  variation  of  drop  sizes  during  secondary 
breakup  are  based  on  the  flow  configurations  appearing  in  figures  5  and  6.  Both  figures  are  sketches 
of  the  parent  drop  after  the  deformation  period,  when  drops  are  being  formed  from  the  periphery 
of  the  parent  drop.  It  is  assumed  that  drops  are  formed  from  the  vortical  region  in  the  liquid  (or 
liquid  boundary  layer)  that  develops  on  the  upstream  side  of  the  drop,  that  this  layer  is  laminar, 
and  that  the  thickness  of  this  layer  near  the  drop  periphery.  (5(f).  is  proportional  to  the  SMD  of 


QUASI-STEADY 


Figure  6.  Sketch  of  the  quasi-steady  shear. breakup  mechanism  at  small  Ohnesorge  numbers  [tft,  £  t). 
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Figure  7.  Temporal  variation  of  the  SMD  of  drops  produced  bv  shear  breakup. 


ihe  drops  currently  being  formed  by  shear  breakup,  similar  to  earlier  considerations  of  jump 
conditions  to  find  drop  sizes  after  shear  breakup  due  to  Hsiang  and  Faeth  (1992).  Then,  the  two 
.  cyPfs  of  behavior  noted  earlier  represent  different  states  of  the  transient  development  of  the  vortical 
region,  which  will  be  denoted  the  transient  and  quasi-steady  shear  breakup  regimes  in  the  following. 
In  order  to  fix  ideas,  the  transition  between  the  transient  and  quasi-steady  shear  breakup  regimes 
will  be  assumed  to  occur  at  a  time  r€  to  be  quantified  later. 

Transient  shear  breakup .  The  transient  breakup  mechanism  is  illustrated  in  figure  5.  This  regime 
is  observed  at  short  times  after  the  start  of  breakup,  particularly  for  liquids  that  have  a  small 
viscosity  so  that  the  temporal  rate  of  growth  of  the  thickness  of  the  boundary  layer  on  the 
windward  side  of  the  drop  is  relatively  slow.  Then  the  thickness  of  the  boundary  layer,  normalized 
by  the  initial  boundary  layer  thickness,  can  be  expressed  as  follows  (Schiichting  *1975) 

tut  <i.  (5j 

where  vt  is  the  kinematic  viscosity  of  the  drop  liquid  a‘nd  C,  is  an  empirical  constant  on  the  order 
ot  unity.  Assuming  SMD(i)  -  6(t),  an  equation  for  the  temporal  variation  of  drop  sizes  in  the 
transient  shear  breakup  regime  can  be  obtained  from  [5].  as  follows 

SMD(t)idt  =  CC.Kr/d;)1 r//;  <  |t  [6] 

where  C,  is  another  empirical  constant  on  the  order  of  unity. 

Present  measurements  of  SMD(t)  are  correlated  in  terms  of  [6]  for  the  transient  shear  breakup 
regime  in  figure  7.  At  small  values  of  vjjdi,  the  measurements  exhibit  an  excellent  correlation 

UMF  :) .4— c 
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according  to  the  transient  theory  of  [6];  the  corresponding  theoretical  correlation,  involving  a 
least-squares  fit  based  on  [6]  while  maintaining  the  square  root  dependence  of  [ is  as  follows 

SMD{t);d*  =  /<£)* <1.  [7] 

The  best  fit  expression  of  [7]  is  also  plotted  in  figure.  7.  Limiting  the  data  used  to  correlate  [7|  to 
vLf/<£  <  0.00020.  yields  a  standard  deviation  of  the  coefficient  on  the  right  hand  side  of  [7]  of  13%. 
with  the  correlation  coefficient  of  the  fit  being  0.96.  If  the  power  of  (vtr  <£)  in  [7]  is  found  from 
a  least-squares  fit  of  the  same  data  set.  a  value  of  0.57  with  a  standard  deviation  of  0.04  is  obtained, 
which  is  not  statistically  different  from  the  1/2  power  based  on  the  phenomenological  theory  used 
in  [7].  In  addition,  the  coefficient  on  the  right  hand  side  of  [7]  has  an  order  of  magnitude  of  unity 
as  anticipated. 

The  experimental  results  illustrated  in  figure  7  exhibit  a  transition  from  the  transient  regime  for 
values  of  vLr/ifi  >  0.0020.  which  will  be  taken  to  represent  conditions  in  the  quasi-steady  shear 
breakup  regime  in  the  following,  as  denoted  on  the  figure.  This  transition  completes  the  definition 
of  /«.  which  can  be  expressed  as  follows 

tjt“  ■=  0.002(pc/Pl)'  2u*dJvL-  (S] 

Based  on  approximate  conservation  of  momentum  scaling,  a  characteristic  initial  liquid  phase 
velocity.  can  be  defined  as  **  Pc«j:  therefore,  the  factor  on  the  right-hand  side  of  [S]  can 
be  recognized  as  a  characteristic  initial  liquid  phase  Reynolds  number  based  on  this  velocity,  i.e. 
ReL  *=  uu4/vL'  Then,  noting  that  the  breakup  period  ends  u*hen  {it*  =  5.5  from  Liang  ti  af .  (19SS), 
[8]  implies  that  transient  behavior  will  be  observed  for  the  entire  breakup  process  when  Re^  >  2750. 
For  present  tests,  such  conditions  were  encountered  for  water  drops  having  We  *  250  and  375. 
At  the  other  extreme,  present  measurements  for  ethyl  alcohol  and  glycerol  drops  were  mainly  in 
the  quasi-steady  shear  breakup  regime. 

The  consistency  of  (7]  with  the  earlier  measurements  of  Hsiang  and  Faeth  (1992)  of  the  SMD 
at  the  end  of  shear  breakup  (or  the  jump  conditions)  for  experiments  dominated  by  large  We  and 
low  viscosity  liquids  (which  implies  behavior  mainly  in  the  transient  shear  breakup  regime)  is  also 
of  interest.  In  particular,  this  relationship  can  be  examined  by  assuming  that  drop  sizes  at  the  end 
of  breakup  are  dominated  by  the  largest  drop  sizes  produced  by  breakup  which  also  are  generated- 
at  the  end  of  breakup  where  t  =  /,  *  5.5r*.  Then,  introducing  [l]  for  tm  into  [7]  yields  the  following 
expression  for  S\fDt,  the  SMD  for  the  entire  secondary  breakup  process 

SSfDvd*  =  2C(vf)'  :(pJpcY  KWr  :  •  (91 

where  C«  is  an  empirical  factor  to  correct  for  the  fact  that  jump  conditions  for  drop  sizes  involve 
the  entire  breakup  process,  and  the  contribution  of  the  remaining  parent  drop,  rather  than  just 
the  size  of  drops  produced  at  the  end  of  shear  breakup.  Nevertheless,  [9]  becomes  identical  to  the 
jump  conditions  of  Hsiang  and  Faeth  (1992)  if  2C#(/*//*),,:  *=  6-2.  Recalling  that  tji*  =  5.5,  implies 
that  C  *  1.3.  which  is  a  value  on  the  order  of  unity  as  expected.  Thus,  present  findings  for  the 
evolution  of  SMD  as  a  function  of  time  during  shear  breakup  are  consistent  with  the  jump 
conditions  found  by  Hsiang  and  Faeth  (1992)  for  secondary  breakup  in  the  shear  breakup  regime. 

An  interesting  feature  of  both  (7]  for  SMD(t)  and  [9]  for  SMD ,  is  that  neither  result  depends 
on  the  surface  tension,  and  thus  We,  even  though  conditions  required  for  the  appearance  of  the 
shear  breakup  regime  at  low  Oh  and  large  pjpc  are  controlled  by  We.  and  thus  c .  In  a  sense,  this 
behavior  is  analogous  to  the  role  of  Reynolds  numbers  for  turbulent  mixing,  where  the  presence 
of  turbulent  mixing  for  jets,  wakes,  etc.  depends  on  the  Reynolds  number  of  the  flow,  even  though 
the  rate  of  mixing  itself  is  essentially  independent  of  the  Reynolds  number  once  the  flow  is 
turbulent. 

Similar  to  the  correlation  of  SMDt  of  Hsiang  and  Faeth  (1992).  [7]  can  be  put  into  a  form 
emphasizing  the  Weber  number  of  drops  produced  by  secondary  breakup,  as  follows 

pcSMD{t)u:Ja  -  2 (#/f  •)*  :We/Re[\  tfu  <1,  [10] 

where  the  left-hand  side  of  [10]  can  be  recognized  as  the  Weber  number  of  drops  formed  by 
secondary  breakup  based  on  the  SMD  and  the  initial  relative  velocity.  Then,  similar  to  previous 
considerations  of  the  jump  conditions  to  yield  SMD «  (Hsiang  and  Faeth  1992,  1993).  [10]  shows 
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that  the  Weber  number  based  on  SAfD(t)  and  u„  can  exceed  values  of  We  needed  to  initiate 
secondary  breakup  by  shock-wave  disturbances.  As  discussed  by  Hsiang  and  Faech  (1993.  1995). 
however,  subsequent  tertiary  breakup  does  not  occur  because  these  drops  have  had  time  to  adjust 
to  the  disturbance  and  are  subject  to  different  criteria  for  breakup  in  addition  to  effects  of  reduced 
relative  velocities  compared  to  u*.  Finally,  even  though  [10|  involves  surface  tension,  it  should  be 
recalled  that  the  surface  tension  only  affects  requirements  for  the  onset  of  secondary  breakup 
regimes  for  present  conditions,  while  drop  sizes  produced  by  secondary  shear  breakup  are 
independent  of  surface  tension,  see  (7}— [9J. 

Quasi-steadv  shear  breakup.  The  next  issue  that  must  be  addressed  with  respect  to  the  temporal 
evolution  of  SMD  during  shear  breakup  involves  behavior  in  the  quasi-steady  shear  breakup 
regime.  There  are  two  main  possibilities  for  defining  behavior  in  the  quasi-steady  shear  breakup 
regime,  as  follows:  (1)  stabilization  of  the  flow  within  the  drop  at  the  end  of  the  transient  period 
implies  6  -  d.  relatively  independent  of  properties  like  Re,.,  as  illustrated  in  figure  6:  and  (2) 
complete  development  of  the  boundary  layer  near  the  surface  of  the  liquid  on  the  windward  side 
of  the  drop  yields  6  proportional  to  the  thickness  of  this  boundary  layer  near  the  drop  periphery, 
along  the  lines  of  the  analysis  of  Hsiang  and  Faeth  (1992).  The  somewhat  increased  scatter  of  the 
data  for  the  quasi-steady  shear  breakup  regime  illustrated  in  figure  7  suggests  the  potential  for 
complications  due  to  contributions  from  both  these  limits:  nevertheless,  based  on  this  information, 
it  Is  reasonable  to  accept  the  approach  illustrated  in  figure  6  for  the  quasi-steady  shear  breakup 
regime  and  adopt  the  approximation  SMD(f)  -  d*  to  yield 

SMD{t)fd.  *=  0.09,  titc  >  l.  [Ill 

which  is  illustrated  on  the  plot.  Limiting  the  data  used  to  correlate  (11]  to  t!tt  >  l.  or 
void;  >  0.0020.  yields  a  standard  deviation  of  the  coefficient  on  the  right  hand  side  of  [1 1]  of  22%. 
with  the  correlation  coefficient  of  the  fit  being  0.91.  If  the  power  of  vjidi  in  [II]  is  found  from 
a  least-squares  fit  using  the  same  data  set.  a  value  of  —0.06  with  a  standard  deviation  of  0.10  is 
obtained,  which  is  not  statistically  different  from  the  power  of  zero  based  on  the  phenomenological 
description  of  (11]. 

It  is  also  of  interest  to  compare  the  approximation  6  -  d  used  to  find  (1 1  j  with  estimates  of  the 
thickness  of  the  boundary  layer  formed  near  the  surface  of  the  liquid  on  the  windward  side  of  the 
drop.  For  flows  typical  of  the  interior  of  drops  this  boundary  layer  is  laminar  and  its  thickness 
was  estimated  as  the  characteristic  thickness  of  a  laminar  boundary  layer  on  a  flat  plate  having 
an  ambient  velocity  of  and  a  length  </«.  which  implies  (Schlichting  1975) 

.  '  6(d.);d.  «  4.0/[(pc/Pl)'  ;.  (12] 

The  values  of  6{dm)fd,  computed  from  [12]  for  present  test  conditions  are  summarized  in  table  2. 
Tnc  tabulation  indicates  that  for  measurements  involving  the  quasi-steady  shear  breakup  regime 
(e.g.  alcohol  and  glycerol  drops).  6(d,)/d.  from  [12]  was  generally  larger  than  SMDid ,  from  [11] 
and  much  more  variable  than  the  range  of  SMDid .  seen  in  figure  7  for  these  liquids.  In  contrast, 
only  results  for  water  drops,  which  generally  did  not  reach  quasi-steady  conditions,  yield  boundary 
layer  thicknesses  less  than  the  estimate  of  [10],  which  is  also  consistent  with  the  behavior  seen  in 
figure  7.  Taken  together,  these  results  support  the  present  phenomenological  approach  where  the 
transient  regime  ends  when  the  thickness  of  the  vortical  region  reaches  a  fraction  of  the  parent 
drop  diameter,  as  a  result  of  the  confined  internal  flow  configuration  of  the  deformed  parent  drop. 
Naturally,  this  limit  does  not  yield  formulas  for  the  jump  conditions  for  SMD  that  are  consistent 
with  the  earlier  results  of  Hsiang  and  Faeth  (1992),  similar  to  the  transient  shear  breakup  regime. 


Tabic  2.  Summary  of  quasi-steady  liquid  boundary  layer  thicknesses  (o(e£.)/ei.)t 


Drop  liquid 

We 

Water 

Ethyl  alcohol 

Glycerol  (42%) 

Glycerol  (68%) 

125 

0.079 

0.137 

0.154 

0.237 

250 

0.067. 

0.1 15 

0.115 

0.200 

375 

0.060 

0.10-5 

O.UO 

0.180 

t Estimated  from  [I1J. 
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As  mentioned  earlier,  however,  this  behavior  is  not  surprising  because  the  measurements  of  Hsiang 
and  Faeth  (199:)  were  dominated  by  results  from  the  transient  shear  breakup  regime.  Another 
factor  is  that  drop  sizes  toward  the  end  of  the  transient  shear  breakup  regime  are  comparable  to 
those  in  the  quasi-steady  breakup  regime,  see  hgure  7:  therefore,  both'sets  of  results  tend  to 
correlate  in  a  similar  manner. 

j.J.  Parent  drop  velocities 

The  temporal  behavior  of  the  velocity  distributions  of  drops  produced  by  shear  breakup  is  closely 
associated  with  the  temporal  behavior  of  the  velocity  ot  the  parent  drop;  therefore,  this  issue  will 
be  considered  first.  A  correlating  expression  tor  the  velocity  of  the  parent  drop  with  time  was  based 
on  the  phenomenological  analysis  of  Hsiang  and  Faeth  (1993).  The  major  assumptions  of  this 
analysis  are  as  follows;  virtual  mass.  Bassett  history  and  gravitational  forces  ignored;  gas  velocities 
assumed  to  be  constant;  mass  removal  Irom  the  parent  drop  ignored;  and  constant  average  drag 
coefficient  assumed  over  the  period  of  breakup.  For  present  conditions,  virtual  muss  and  Bassett 
history  forces  are  small  due  to  the  large  values  of  pjpc  of  the  flow  (Faeth  1990).  Similarly, 
gravitational  forces  were  not  a  factor  because  drop  motion  was  nearly  horizontal  and  drag  forces 
were  much  larger  than  gravitational  forces.  In  addition,  uniform  gas  properties  were  a  condition 
ot  the  present  experiments.  In  contrast,  the  uniform  parent  drop  size  approximation  was  not  reallv 
justified  for  present  conditions  because  parent  drop  diameters  at  the  end  of  breakup  were  onlv 
12-30%  of  the  original  drop  diameters  and  vary  considerably  over  the  period  of  breakup  (Hsiang 
and  Faeth  1993).  Nevertheless,  accounting  for  these  changes  by  adopting  the  original  drop  diameter 
and  selecting  a  mean  drag  coefncient.  Co.  to  best  fit  the  measurements  yielded  reasonably  good 
results  in  the  past  (Hsiang  and  Faeth  1993).  and  was  continued  during  the  present  study. 

The  analysis  to  find  parent  drop  velocities  in  a  laboratory  reference  frame.  ut.  as  a  function  of 
time  under  the  preceding  approximations  is  presented  by  Hsiang  and  Faeth  (1993).  These  results 
can  be  placed  in  the  follow-ing  form 

(«,  “  “  uj  -  3Co(f/(-in)  (pc  po'  \  [13] 

where  for  present  conditions  =  0  and  uc  is  the  gas  velocity  in  a  laboratory  reference  frame. 
Earlier  evaluation  of  parent  drop  velocities  at  the  end  of  secondary  breakup  yielded  a  best  fit  value 
of  Co  *=  5  in  [13]  (Hsiang  and  Faeth  1993). 

Measurements  ot  parent  drop  velocities  for  various  secondary  breakup  conditions,  and  limes 
during  secondary  breakup,  were  obtained  Irom  both  the  present  investigation  and  from  the  earlier 
work  of  Hsiang  and  Faeth  (1993).  These  results  are  plotted  according  to  [13)  in  figure  3.  A  best-fit 
correlation  according  to  [13]  also  is  shown  on  the  figure.  The  comparison  between  the 
measurements  and  the  correlation  is  seen  to  be  quite  good  in  spite  of  the  approximations  of  the 
simplified  analysis.  This  yields  the  same  best-fit  value  C0  «  5.0.  as  the  results  found  earlier  by 
Hsiang  and  Faeth  (1993),  with  an  experimental  uncertainty  (95%  confidence)  of  the  fit  of  15%. 

5.4.  Drop  velocity  distributions 

Mean  velocities. The  velocity  distributions  of  drops  produced  by  shear  breakup  were  measured 
as  a  function  of  time  for  all  test  conditions.  It  was  found  that  the  velocities  of  drops  produced 
by  secondary  breakup,  relative  to  the  velocity  ol  the  parent  drop,  were  related  to  the  characteristic 
velocity  of  the  liquid  at  each  instant  of  time.  i.e.  fpc.'Pi)'  :{uc  -  u9).  In  addition,  it  was  found  that 
drop  velocities  were  relatively  independent  of  drop  size.  i.e.  the  drop  velocity  distributions  were 
nearly  uniform.  Jhus*  volume-averaged  mean  streamw'ise  and  cross-stream  velocities  for  shear 
breakup.  and  i\.  normalized  by  the  characteristic  liquid  velocity,  are  plotted  as  a  function  of 
tit  9  in  figure  9.  Similar  to  the  drop  diameters  illustrated  in  figure  7,  there  is  appreciable  scatter 
of  the  drop  velocities  in  figure  9.  This  behavior  comes  about  because  relatively  few  drops  arc 
available  to  find  appropriate  average  drop  velocities  for  a  given  breakup  condition  and  time.  In 
addition,  random  motions  of  the  ligaments  and  the  parent  drop,  see  figures  2  and  3,  yield 
turbulent-like  velocity  variations  that  cause  corresponding  variations  of  mean  velocities. 
Nevertheless,  it  is  evident  that  the  mean  volume-averaged  streamwise  and  cross-stream  velocities 
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arc  relatively  independent  of  lime  as  well  as  drop  size  and  can  be  correlated  reasonably  well,  as 
follows 

(pJpc),:K~u,)/(ue-u,)  =  9.5  (M] 

and 

(pJPg)'*V(«c  -  u.)  *  0  (15] 

with  a  standard  deviation  of  the  constant  on  the  right-hand  side  of  [14]  of  28%.  The  corresponding 
standard  deviation  of  the  constant  on  the  right  hand  side  of  (15]  is  4.7;  therefore,  the  mean  value 
of  i*l  is  not  statistically  different  from  zero.  A  difficulty  with  the  correlation  of  streamwise  velocity 
in  [14]  is  that  the  actual  value  of  the  relative  velocity  increase  of  the  drops  produced  by  shear 
breakup  is  not  easily  compared  with  the  relative  velocity  of  the  parent  drop  due  to  the  effect  of 
the  density  ratio.  Thus,  correlating  the  streamwise  velocity  data  directly  in  terms  of  velocities 
relative  to  the  velocity  of  the  parent  drop  yields 

\  (uL  -  u,)/(uc  -  *,).=  0.37  (16] 

with  the  standard  deviation  of  the  constant  on  the  right-hand  side  of  [16]  of  0.08.  This  result 
suggests  that  there  is  appreciable  acceleration  of  the  drop  liquid  during  breakup,  mainly  as  a  result 
of  acceleration  of  the  liquid  in  the  vortical  layer  near  the  surface  of  the  parent  drop  as  well  as 
acceleration  of  liquid  in  the  ligaments  prior  to  final  breakup  into  drops.  The  relatively  large 
variations  of  Vy,  seen  in  figure  9  certainly  tend  to  support  significant  effects  of  liquid  acceleration 
in  the  ligaments.  The  corresponding  values  for  Vy.  yield  vj(uc  —  uf)  -  —0.0 1  with  a  standard 
deviation  of  0.15,  which  implies  that  mean  radial  velocities  are  not  statistically  different  from  zero, 
as  before. 
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Figure  9.  Siream»ij<  and  crois-strcam  mean  velocities  of  drops  produced  by  shear  breakup  as  a  function 
of  time  during'  breakup. 


The  behavior  of  drop  velocities  as  the  drops  are  formed  as  a  function  of  time,  given  by  [14]  and 
[15],  is  in  marked  contrast  to  the  drop  velocity  distribution  as  a  function  of  drop  size  at  the  end 
of  breakup  (the  jump  conditions)  discussed  by  Hsiang  and  Faeth  (1993,  1995).  For  the  jump 
conditions,  drop  velocities  relative  to  the  gas  became  progressively  smaller  as  the  drop  sizes  become 
smaller,  rather  than  .remaining  constant  compared  to  the  relative  velocity  of  the  gas  with  respect 
to  the  parent  drop,  similar  to  the  results  illustrated  in  figure  9.  This  behavior  comes  about  because 
the  characteristic  relaxation  times  of  small  drops  are  smaller  than  those  of  large  drops  (Hsiang  and 
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Figure  10.  Streamwise  and  cross-stream  rm*  velocity  fluctuations  of  drops  produced  by  shear  breakup 
as  a  function  of  drop  size. 


Faeih  1992);  therefore,  small  drops  undergo  a  greater  acceleration  after  they  are  formed  than  large 
drops,  and  more  closely  approach  the  gas  velocity  as  a  result.  __ 

Velocity  fluctuations  .Volume-averaged  rms  streamwise  and  cross-stream  velocity  fluctuations,  ul 
and  vl  are  plotted  as  a  function  of  dfMMD,  with  We  and  tftm  as  parameters,  in  figure  10.  Individual 
data  points  on  this  figure  exhibit  significant  scatter,  mainly  because  each  test  condition  involves 
a  limited  number  of  test  drops.  Nevertheless,  effects  of  drop  she,  We  and  ///*  appear  to  be  small 
over  the  entire  data  set.  when  volume-averaged  fluctuations  arc  normalized  by  the  mean  streamwise 
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velocity  of  the  drops  relative  to  the  gas.  The  resulting  volume-averaged  rms  streamwise  and 
cross-stream  drop  vetocity  fluctuations  can  be  summarized,  as  follows 


ui:{uc  “  Ms.)  =  0.31 

(Wl 

tV(«c  ~  Mt)  *  0.37. 

(181 

where  the  standard  deviations  of  the  numbers  on  the  right-hand  sides  of  these  equations  are  22%. 
In  view  of  these  uncertainties,  the  magnitudes  of  u‘L  and  r£  are  not  statistically  differentiator^ 
the  data  sets  as  a  whole,  however,  the  large  number  of  total  samples  available  to  find  *nd  *£ 
reduce  the  experimental  uncertainties  of  these  estimates  (95%  confidence)  to  less  than  10%. 

3.3.  Drop  formation  rates 

Drop  formation  rates  were  estimated  using  a  simplified  analysis.  This  involved  the  following 
major  assumptions:  liquid  removal  rates  were  proportional  to  the  thickness  of  the  boundary  layer 
in  the  liquid  on  the  upstream  surface  of  the  drop:  liquid  removal  rates  were  proportional  to  the 
velocity  of  the  drops  formed  relative  to  the  velocity  of  the  parent  drop,  estimated  from  [14]:  liquid 
removal  rates  were  proportional  to  the  perimeter  of  the  drop  at  its  periphery:  and  breakup  begins 
and  ends  at  tit0  »  1.5  and  5.5.  respectively,  as  determined  by  Liang  et  at.  (19S8).  The  resulting 
formulation  for  the  rate  of  production  of  dispersed  liquid  drops  by  secondary  breakup,  for  the 
transient  and  quasi-steady  drop  breakup  regimes,  is  relatively  complex.  It  was  noted,  however,  that 
the  amount  of  liquid  removed  from  the  drop  could  be  approximated  by  a  clipped  Gaussian  function 
which  simplifies  the  treatment  of  the  onset  and  end  of  secondary  breakup.  Thus,  only  the  simplified 
approach  will  be  presented  here  because  it  should  be  useful  for  detailed  analysis  of  drop  breakup 
processes. 

Present  measurements  of  the  cumulative  volume  of  liquid  removed  from  the  parent  drop  as  a 
function  of  time  arc  plotted  in  figure  1 1.  These  results  include  all  test  conditions  considered  during 
the  present  investigation.  The  best-fit  correlation  of  these  results,  according  to  a  clipped  Gaussian 
function,  also  is  shown  on  the  plot.  It  is  evident  that  the  clipped  Gaussian  function  provides  a  good 
fit  of  the  cumulative  loss  of  volume  of  the  parent  drop  as  a  function  of  tjt0.  This  formula  also 
provides  a  reasonably  good  fit  of  the  rate  of  removal  of  drop  liquid  from  the  parent  drop,  except 
for  the  singular  points  at  the  beginning  and  end  of  the  period  where  drop  mass  is  being  removed. 

The  results  illustrated  in  figure,!  I  can  be  correlated  to  provide  the  mass  rate  of  formation  of 
dispersed  drops  due  to  shear  breakup.  mf.  normalized  by  the  initial  drop  mass  and  /  .  as  follows 

6m,f7(*P^)  =  0.42exp{0.S(/.V  -  3.5):’.  1.5  <  Cf  <>  5.5.  [19] 

3.6.  Extent  of  drop-containing  region 

The  region  in  the  streamwise  direction  that  contains  drops  will  be  considered  in  the  following 
in  order  to  provide  information  needed  to  evaluate  when  secondary-  breakup  should  be  treated  as 
a  rate  process  rather  than  by  jump  conditions.  This  information  can  be  summarized  most 
compactly  by  plotting  the  boundaries  of  the  drop-containing  region  in  the  streamwise  direction, 
normalized  by  the  initial  drop  diameter,  as  a  function  of  tit0.  based  on  mean  relative  velocities 
only.  These  boundaries  are  given  by  the  motion  of  the  parent  drop,  and  the  motion  of  the  smallest 
drop  formed  at  the  onset  o7  breakup.  Thus,  it  is  evident  that  these  boundaries  are  fixed  by  the 
motion  of  the  parent  drop  whose  velocity  is  given  by  (13).  Based  on  this  result,  recalling  that  CQ 
was  found  to  be  a  constant  for  present  test  conditions,  it  is  evident  that  pjpc  is  the  only  parameter 
of  the  problem.  Thus,  the  sizes  of  the  drop-containing  region  were  found  for  p  Jpc  *  500  and  1000. 
which  bound  the  range  of  conditions  considered  during  the  present  investigation. 

The  growth  of  the  spray-containing  region  in  terms  of  distance  in  the  streamwise  direction,  x , 
is  plotted  as  a  function  of  tftm  in  figure  12.  Results  are  shown  for  the  two  different  values  of  pjpc 
that  bound  the  present  measurements,  with  the  limiting  values  ot  t ft0  at  the  onset  and  end  of  drop 
breakup  marked  on  the  plot  for  reference  purposes.  The  span  of  the  drop-containing  region 
increases  with  both  the  liquid/gas  density  ratio  and  time.  For  example,  the  drop-containing  region 
at  the  end  of  breakup  is  in  the  range  ,r jd  =  40-120  for  pjpc  =  1000  but  only  xfd  -  38-85  for 
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.  CUMULATIVE  REMOVED  VOLUME  PERCENTAGE 


F.jure  II.  D«fr«  of  mavs  removal  from  ihc  parent  drop  as  a  function  of  time  during  shear  breakup. 

Pl.Pc*oOO.  Similarly,  the  mean  drop-containing  region  increases  from  zero  at  /. 7“  »  1.5  to 
roughly  .r  e/  *  40-100  at  t:t  *  —  5.5.  As  noted  earlier,  the  span  of  the  secondary  breakup  times,  the 
distance  traveled  by  the  parent  drop,  and  the  span  ot  streamwise  distances  where  drops  are  present 
at  the  end  of  breakup  can  be  significant  an  some  instances.  In  such  cases,  the  information  found 
during  the  present  investigation  about  the  temporal  evolution  of  the  sizes  and  velocities  of  drops 
produced  by  secondary  breakup,  as  well  as  the  rate  of  liquid  removal  from  the  parent  drop  during 
secondary  breakup,  should  be  helpful. 


J.  CONCLUSIONS 

The  properties  of  drop  breakup  in  the  shear  breakup  regime  were  studied  as  a  function  of  time 
for  shock-wave  disturbances  in  air  at  NTP,  for  the  test  conditions  summarized  in  table  1.  The  major 
conclusions  of  the  study  are  as  follows: 

(1)  The  maximum  lengths  of  ligaments  protruding  from  the  periphery  of  the  drops  progressively 
increase  with  increasing  Ohnesorge  number  causing  transition  to  a  long-ligament  shear" breakup 
regime  at  Oh  s:  0. 1:  present  results  are  limited  to  the  conventional  shear  breakup  regime  at  small 
Ohnesorge  numbers  (Oh  <  0. 1). 

(2)  Drops  produced  by  shear  breakup  at  small  Ohnesorge  numbers  satisfy  the  universal  root 
normal  drop  size  distribution  function  with  MMD/SMD  =  1.2.  of  Simmons  (1977),  at  each  instant 
of  time. 

(3)  The  SMD  of  drops  produced  by  shear  breakup  at  small  Ohnesorge  numbers  exhibit  transient 
and  quasi-steady  regimes  as  a  function  of  time,  based  on  the  development  of  the  liquid  boundary 
layer  within  the  parent  drop:  this  behavior  was  correlated  based  on  a  phenomenological  analysis 
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Figure  12.  Growth  of  the  ipray<onuining  region  during  jhear  breakup. 


which  implied  that  drops  produced  by  breakup  had  diameters  comparable  to  the  thickness  of  this 
liquid  viscous  region. 

(4)  The  parent  drop  accelerates  rapidly  due  to  the  large  drag  coefficient  caused  by  its 
deformation;  a  phenomenological  analysis  provided  an  effective  correlation  of  the  resulting  parent 
drop  velocities. 

(5)  The  mean  velocities  of  drops  produced  by  shear  breakup  at  small  Ohnesorge  numbers  were 
relatively  independent  of  drop  size,  and  were  somewhat  larger  than  the  velocities  of  the  parent  drop 
at  each  instant  of  time. 

(6)  The  rms  velocity  fluctuations  of  drops  produced  by  shear  breakup  at  small  Ohnesorge 
numbers  were  relatively  independent  or  drop  size,  and  were  on  the  order  of  30-10%  of  the  rnea'n 
streamwise  velocity  of  the  gas  relative  to  the  parent  drop,  at  each  instant  of  time. 

(7)  The  rate  of  liquid  removal  from  the  parent  drop  could  be  interpreted  reasonably  well  based 
on  the  variations  of  parent  drop  diameter  and  the  size  and  velocity  of  drops  leaving  the  periphery 
of  the  parent  drop;  these  results  were  correlated  concisely  in  terms  of  an  empirical  clipped  Gaussian 
function. 

(8)  Shear  breakup  at  small  Ohnesorge  numbers  extends  over  streamwise  distances  of  0-100 
initial  drop  diameters,  and  0-5.5  characteristic  drop  breakup  times:  this  behavior  suggests  that 
shear  breakup  should  be  treated  as  a  rate  process,  rather  than  by  jump  conditions,  in  some 
instances. 
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TEMPORAL  PROPERTIES  OF  SECONDARY  DROP  BREAKUP 
IN  THE  BAG  BREAKUP  REGIME 
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Abstract  —  The  temporal  properties  of  secondary  drop  breakup  in  the  bag  breakup  regime 
were  measured  as  a  function  of  time  for  shock-wave-initiated  disturbances  in  air  at  normal 
temperature  and  pressure.  The  test  liquids  included  water,  ethyl  alcohol  and  various 
glycerol  mixtures  to  yield  liquid/gas  density  ratios  of  633-893,  Weber  numbers  of  13-20, 
Ohnesorge  numbers  of  0.0043-0.0427  and  Reynolds  numbers  of  1550-2150.  Single-  and 
double-pulse  shadowgraphy  and  holography  were  used  to  measure  the  structure,  size  and 
velocity  of  the  parent  drop,  and  the  sizes  and  velocities  of  drops  produced  by  secondary 
breakup.  The  parent  drop  undergoes  significant  deformation  and  lateral  growth  during 
breakup  before  forming  a  thin  bag  having  a  basal  ring  that  is  characteristic  of  the  bag 
breakup  regime.  The  basal  ring  contains  roughly  56%  of  the  initial  drop  volume  (mass) 
and  eventually  yields  drops  having  mean  diameters  of  roughly  30%  of  the  initial  drop 
diameter  by  a  Rayleigh  breakup  process;  the  size  variations  of  drops  formed  from  the  basal 
ring  increases  with  increasing  Weber  number  due  to  the  appearance  of  large  “node”  drops 
that  are  characteristic  of  the  onset  of  the  multimode  breakup  regime.  Breakup  of  the  bag 
yields  nearly  monodisperse  drops  having  diameters  of  roughly  4%  of  the  initial  drop 
diameter.  The  velocity  distributions  of  the  drops  formed  from  breakup  of  the  basal  ring 
and  the  bag  were  individually  independent  of  drop  size  but  varied  as  a  function  of  time  and 
differed  between  the  two  groups.  Many  features  of  these  phenomena  were  successfully 
correlated  using  phenomenological  analyses.  Finally,  bag  breakup  requires  considerable 
time  (5-6  characteristic  secondary  drop  breakup  times)  and  extends  over  considerable 

‘Currently  with  the  Trane  Corporation,  LaCrosse,  Wisconsin,  U.S.A 
’To  whom  correspondence  should  be  addressed. 


1 


47 


streamwise  distances  (50-100  initial  drop  diameters)  by  the  end  of  breakup,  which  suggests 
that  bag  breakup  should  be  treated  as  a  rate  process,  rather  than  by  jump  conditions,  in 
some  instances. 

Key  Words:  drop  breakup,  drop  dynamics,  pulsed  holography,  sprays,  atomization. 

1.  INTRODUCTION 

The  secondary  breakup  of  drops  is  important  because  primary  breakup  yields  drops 
that  are  intrinsically  unstable  to  secondary  breakup,  while  secondary  breakup  often  is  the 
rate  controlling  process  within  dense  sprays  in  much  the  same  way  that  drop  vaporization 
often  is  the  rate  controlling  process  within  dilute  sprays  (Faeth  1997;  Faeth  et  al.  1995;  Wu 
et  al.  1995).  Motivated  by  these  observations,  the  objective  of  the  present  investigation 
was  to  extend  recent  studies  of  the  regimes  and  outcomes  of  secondary  breakup  caused  by 
shock-wave  disturbances  due  to  Hsiang  and  Faeth  (1992,  1993,  1995),  and  Chou  et  al. 
(1997),  to  consider  the  evolution  of  bag  breakup  as  a  function  of  time. 

Several  recent  reviews  of  secondary  breakup  are  available,  see  Faeth  (1997),  Faeth 
etal.  (1995),  Hsiang  and  Faeth  (1992,1993,1995),  Wu  et  al.  (1995)  and  references  cited 
therein;  therefore,  the  following  discussion  of  past  work  will  be  brief.  Shock-wave 
disturbances  were  considered  during  most  earlier  studies,  providing  a  step  change  of  flow 
properties  around  the  drop,  similar  to  conditions  experienced  by  drops  at  the  end  of 
primary  breakup.  Secondary  breakup  properties  that  have  been  considered  include  the 
conditions  required  for  particular  deformation  and  breakup  regimes,  the  time  required  for 
the  onset  and  end  of  breakup,  the  drag  properties  of  deformed  drops  and  the  size  and 
velocities  of  the  drops  produced  by  secondary  breakup  (i.e.,  the  secondary  breakup  jump 
conditions).  An  interesting  feature  of  these  results  is  that  secondary  breakup  extended  over 
appreciable  regions  of  time  and  space  and  was  not  properly  described  by  jump  conditions 
in  some  instances.  For  example,  Liang  et  al.  (1988)  show  that  breakup  times  are  equal  to 
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5.5t*  for  a  wide  range  of  breakup  conditions,  where  t*  is  the  characteristic  secondary 
breakup  time  for  shear  breakup  defined  by  Ranger  and  Nicholls  (1969)  as  follows: 

t*  =  d0(pL/pG),/2/u0  [1] 

In  [1],  d0  and  u0  are  the  initial  drop  diameter  and  relative  velocity,  p  denotes  density  and  the 

subscripts  L  and  G  denote  liquid  and  gas  properties,  respectively.  Such  times  are 
comparable  to  flow  residence  times  within  the  dense  spray  region  where  secondary  breakup 
is  a  dominant  process  (Faeth  1997;  Faeth  et  al.  1995;  Wu  et  al.  1995).  Viewed  another 
way,  the  original  (or  parent)  drop  moves  roughly  50  initial  drop  diameters,  while  the 
smallest  drops  formed  by  secondary  breakup  move  up  to  100  initial  drop  diameters,  during 
the  period  of  breakup  for  typical  shear  breakup  processes  (Hsiang  and  Faeth  1993,1995). 
Such  distances  can  represent  a  significant  fraction  of  the  length  of  the  dense  spray  region. 
These  observations  suggest  that  the  time-resolved  features  of  secondary  breakup  eventually 
must  be  understood,  i.e.,  the  size  and  velocity  distributions  of  the  drops,  and  the  rate  at 
which  liquid  is  removed  from  the  parent  drop,  must  be  known  as  a  function  of  time  during 
secondary  breakup.  Motivated  by  this  observation,  the  authors  and  their  associates  are 
concentrating  on  studies  of  the  temporal  properties  (dynamics)  of  particular  secondary 
breakup  processes. 

The  first  phase  of  the  study  of  the  temporal  properties  of  secondary  breakup 
considered  the  shear  breakup  regime  where  secondary  breakup  proceeds  by  the  stripping  of 
drop  liquid  from  the  periphery  of  the  parent  drop  (Chou  et  al.  1997).  Other  conditions  of 

the  shear  breakup  study  included  pL/pG  >  680,  where  gas-phase  processes  approximate 
quasi-steady  behavior,  and  small  Ohnesorge  numbers,  Oh  =  |iL/(pLd0a)1/2  <  0.04,  where  |i 

and 'a  denote  viscosity  and  surface  tension,  respectively.  It  was  found  that  the  size 

distributions  of  drops  produced  by  secondary  breakup  at  each  instant  of  time  satisfied  the 
universal  root  normal  distribution  function,  with  MMD/SMD  =  1.2,  due  to  Simmons 
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(1977),  where  MMD  and  SMD  denote  the  mass  median  and  Sauter  mean  diameters  of  the 
drop  size  distributions  respectively.  This  behavior  is  very  helpful  because  this  two- 
parameter  distribution  function  is  fully  defined  by  the  SMD  alone,  given  the  MMD/SMD 
ratio.  In  contrast,  the  velocity  distribution  functions  of  drops  produced  by  secondary 
breakup  were  uniform.  Other  measurements  of  shear  breakup  properties  as  a  function  of 
time  included  the  size  and  velocities  of  the  parent  drop;  the  SMD  and  mean  and  fluctuating 
velocities  of  drops  produced  by  secondary  breakup,  and  the  rate  of  liquid  removal  from  the 
parent  drop  due  to  secondary  breakup.  All  these  properties  were  correlated  and  interpreted 
using  phenomenological  theories,  providing  the  information  needed  to  treat  shear  breakup 
as  a  rate  process  during  computations  of  spray  structure. 

The  present  study  seeks  to  extend  information  about  the  temporal  properties  of 
secondary  breakup  from  the  shear  breakup  regime  to  the  bag  breakup  regime.  Within  the 
bag  breakup  regime,  secondary  breakup  proceeds  by  deformation  of  the  center  of  the  drop 
into  a  thin  balloon-like  bag  that  extends  in  the  downstream  direction  from  a  thicker  ring-like 
structure  of  its  base  (the  basal  ring),  with  both  the  bag  and  the  basal  ring  subsequently 
dividing  into  drops.  An  understanding  of  bag  breakup  is  important  for  two  reasons:  (1)  the 
bag  breakup  regime  bounds  the  region  where  drops  only  deform  and  do  not  break  up, 
which  provides  fundamental  clues  about  the  mechanism  of  the  onset  of  secondary  breakup, 
and  (2)  the  complex  multimode  breakup  regime  is  bounded  by  the  bag-  and  shear-breakup 
regimes  which  clearly  must  be  understood  before  addressing  the  important  multimode 
breakup  mechanism  (Hsiang  and  Faeth  1992,  1993,1995).  Similar  to  the  earlier  study  of 
shear  breakup,  the  present  study  emphasized  new  measurements  of  the  temporal  properties 
of  bag  breakup  and  used  phenomenological  theories  to  help  interpret  and  correlate  the 
measurements. 

The  present  measurements  were  carried  out  using  a  shock  tube  facility,  with  the 
environment  of  the  test  drops  during  breakup  roughly  approximating  air  at  normal 
temperature  and  pressure  (NTP).  Single-  and  double-pulse  shadowgraphy  and  holography 
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were  used  to  find  the  properties  of  the  parent  drop,  the  size  and  velocity  properties  of  drops 
produced  by  secondary  breakup  and  the  rate  of  liquid  removal  from  the  parent  drop  as  a 
function  of  time  during  breakup.  Test  conditions  were  limited  to  relatively  large  liquid/gas 

density  ratios  (pL/pG  >  500)  and  relatively  small  Ohnesorge  numbers  (Oh  <  0.1),  within 

the  bag  breakup  regime  where  the  Weber  number,  We  =  pGd0  uG/a,  is  in  the  range  13-35 

(Hsiang  and  Faeth  1993).  As  a  result,  the  present  test  conditions  are  most  representative  of 
bag  breakup  within  sprays  near  atmospheric  pressure.  Drop  liquids  included  water,  ethyl 
alcohol  and  various  glycerol  mixtures,  in  order  to  provide  information  about  effects  of  drop 
liquid  properties. 

The  paper  begins  with  a  description  of  experimental  methods.  Results  are  then 
discussed  considering  the  properties  of  the  parent  drop,  the  properties  of  the  basal  ring,  the 
properties  of  drops  formed  from  the  bag  itself  and  the  overall  properties  of  bag  breakup,  in 
turn.  The  following  description  of  the  study  is  brief,  see  Chou  (1997)  for  more  details  and 
a  complete  tabulation  of  data. 

2.  EXPERIMENTAL  METHODS 
2.1  Apparatus  and  Instrumentation 

The  test  apparatus  and  instrumentation  will  be  described  only  briefly  because  it  was 
similar  to  earlier  work  (Hsiang  and  Faeth  1992,  1993,  1995;  Chou  et  al.  1997).  The 
arrangement  consisted  of  a  rectangular  shock  tube  with  the  driven  section  open  to  the 
atmosphere.  The  test  location  was  windowed  to  allow  observations  of  drop  breakup.  A 
vibrating  capillary  tube  drop  generator,  combined  with  an  electrostatic  drop  selection 
system,  provided  a  stream  of  drops  at  the  test  location  with  sufficient  spacing  between 
drops  accommodate  bag  breakup  with  negligible  drop/drop  interactions. 

Single-  and  double-pulsed  shadowgraphy  and  holography  were  used  to  observe  the 
properties  of  the  parent  drop  and  the  size  and  velocity  distribution  functions  of  drops 
produced  by  secondary  breakup.  Laser  pulse  times  were  sufficiently  short  (7  ns)  to  stop 
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the  motion  of  drops  on  the  film  while  using  a  weaker  second  laser  pulse  allowed  directional 
ambiguity  to  be  resolved  for  velocity  measurements.  The  combined  holocamera  and 

reconstruction  system  allowed  objects  as  small  as  3  pm  to  be  observed  and  as  small  as  5 

pm  to  be  measured  with  5%  accuracy.  Results  at  each  condition  were  summed  over  at  least 

four  realizations,  considering  100-200  liquid  elements,  in  order  to  obtain  drop  diameter  and 
velocity  correlations.  Estimated  experimental  uncertainties  (95%  confidence)  were  less 
than  10%  for  drop  diameters  and  less  than  15%  for  streamwise  drop  velocities. 

2.2  Test  Conditions 

The  test  conditions  are  summarized  in  Table  1.  The  liquid  properties  were  obtained 
from  Lange  (1952),  except  for  the  surface  tensions  of  the  glycerol  mixtures  which  were 
measured  in  the  same  manner  as  Wu  et  al.  (1991).  The  ranges  of  the  test  variables  were  as 

follows:  dc  =  0.62-0.85  mm,  pL/pG  =  633-893,  Oh  =  0.0043-0.0427,  We  =  13-20  and  Re 

=  1550-2150,  where  the  Reynolds  number.  Re  =  pGd0u0/pc.  The  present  We  test  range  is 

narrow  but  this  is  consistent  with  the  narrow  We  range  of  the  bag  breakup  regime.  The  Re 
range  of  the  present  experiments  is  higher  than  conditions  where  gas  viscosity  has  a 
significant  effect  on  drop  drag  properties,  e.g.,  the  drag  coefficient,  CD,  for  spheres  only 
varies  in  the  range  0.4-0.5  for  this  Reynolds  number  range  (White  1973).  Shock  Mach 
numbers  were  relatively  low,  less  than  1.04;  therefore,  the  physical  properties  of  the  gas  in 
the  uniform  flow  region  behind  the  shock  wave  were  nearly  the  same  as  room  air. 

3.  RESULTS  AND  DISCUSSION 

3. 1  Parent  Drop  Properties 

3.1.1  Parent  Drop  Size 
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Figure  1  is  a  composite  illustration  of  several  aspects  of  the  temporal  evolution  of 
bag  breakup.  The  illustration  includes:  measurements  of  the  parent  drop  cross-stream 
diameter,  dp,  as  a  function  of  time,  t,  for  water,  ethyl  alcohol  and  glycerol  drops  having  We 

of  13-20  and  Oh  <  0.043;  delineation  of  the  time  periods  of  various  portions  of  the  bag 

breakup  process;  and  inset  photographs  of  the  appearance  of  the  parent  drop  at  various 
times  during  breakup.  The  photographs  are  for  a  water  drop  in  air  subjected  to  a  shock 
wave  disturbance  with  We  =  20  and  Oh  =  0.0044.  Note  that  the  shock  wave  passes  from 
left  to  right  in  the  inset  photographs.  The  various  positions  of  the  bag  breakup  process  are 
defined  as  follows:  the  deformation  period  where  the  drop  deforms  from  a  spherical  to  a 
disk-like  shape  for  t/t*  of  0-2;  the  bag  growth  period  where  the  center  of  the  disk  deforms 
into  a  thin  membrane-like  bag  with  a  much  thicker  basal  ring  surrounding  its  open 
(upstream)  end  for  t/t*  of  2-3;  the  bag  breakup  period  where  the  bag  progressively  breaks 
up  from  its  closed  downstream  end  toward  the  basal  ring  for  t/t*  of  3-4;  and  the  ring 
breakup  period  where  a  series  of  relatively  large  node  drops  form  along  the  ring  followed 
by  breakup  of  the  ring  into  a  circular  array  of  relatively  large  drops  to  end  the  breakup 
process  for  t/t*  of  4-5.  Note  that  the  bag  growth  and  ring  breakup  periods  include  a 
temporal  range  that  is  dominated  by  these  processes.  The  actual  time  periods  when  bag  and 
ring  breakup  occurs  are  contained  in  these  periods,  respectively,  but  are  much  shorter.  The 
value  of  dp  is  taken  to  be  the  cross-stream  diameter  of  the  disk  before  the  basal  ring  forms 

(0  <  t/t*  <  2)  and  the  outer  diameter  of  the  basal  ring  when  it  is  present  (2  <  t/t*  <  5). 

The  transition  between  a  spherical  drop  and  a  relatively  thin  disk  aligned  normal  to 
the  flow  direction  occurs  during  the  deformation  period  (0  <  t/t*  <2)  illustrated  in  figure  1 . 

The  deformation  of  the  parent  drop  is  caused  by  increased  static  pressures  near  the 
upstream  and  downstream  stagnation  points  along  the  axis  of  the  drop,  combined  with 
decreased  static  pressures  near  the  drop  periphery  due  to  increased  flow  velocities  in  this 
region.  This  pressure  distribution  tends  to  squeeze  the  drop  into  a  thin  disk-like  shape.  A 
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detailed  analysis  of  this  process  was  not  undertaken;  instead,  it  was  found  that  the 
deformation  process  could  be  expressed  reasonably  well  according  to  the  following 
empirical  correlation  suitable  for  the  present  range  of  test  conditions: 

dp/d0  =  1.0  +  0.5  t/t*,  0  <  t/t*  <  2  [2] 

Subsequent  consideration  of  parent  drop  size  parameters  will  focus  on  the  properties  of  the 
basal  ring.  This  interest  is  motivated  by  the  fact  that  the  size  of  the  basal  ring  ultimately 
controls  the  size  of  the  drops  formed  by  basal  ring  breakup  while  these  drops  tend  to 
dominate  the  size  properties  of  drops  formed  by  bag  breakup  because  they  are  the  largest 
drops  in  the  size  distribution.  In  addition,  subsequent  considerations  will  show  that  the 
basal  ring,  and  thus  the  drops  formed  from  the  basal  ring,  comprise  a  major  fraction  of  the 
original  volume  of  liquid  in  the  parent  drop. 

The  results  illustrated  in  figure  1  show  that  the  rate  of  lateral  acceleration  of  the 
basal  ring  diameters  is  largest  in  the  period  where  the  bag  is  present,  with  subsequent 
lateral  acceleration  progressively  becoming  small  toward  the  end  of  the  period  where  the 
bag  itself  breaks  up.  This  behavior  suggests  that  the  higher  pressure  within  the  bag, 
caused  by  stagnation  of  the  gas  flow  relative  to  the  drop  by  the  bag,  is  mainly  responsible 
for  the  outward  acceleration  of  the  basal  ring,  as  well  as  for  the  growth  of  the  bag.  This 
pressure  difference  progressively  disappears  as  the  breakup  of  the  bag  itself  proceeds  so 
that  the  basal  ring  simply  continues  to  coast  outward  in  the  latter  stages  of  the  breakup 
process;  this  behavior  is  supported  by  the  relatively  constant  outward  velocity  of  the  basal 
ring  diameter  toward  the  end  of  the  entire  breakup  process.  These  ideas  are  developed  in 
the  following  to  obtain  the  predicted  variation  of  dp/d0  as  a  function  of  t/t*  for  the  period  2 

<  t/t*  <  5  that  is  illustrated  in  figure  1 . 

Analysis  of  basal  ring  growth  was  carried  out  ignoring  acceleration  of  the  parent 
drop,  i.e.,  it  was  assumed  that  the  relative  velocity  of  the  basal  ring  with  respect  to  the  gas 
is  equal  to  the  initial  relative  velocity,  u0;  the  variation  of  the  diameter  of  the  basal  ring  tube 
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itself,  dr,  was  also  neglected  even  though  later  considerations  will  show  that  this  diameter 
decreases  by  almost  a  factor  of  two  during  the  time  period  of  interest;  and  circumferential 
surface  tension  forces  were  ignored  due  to  the  relatively  large  diameter  of  the  basal  ring  at 
the  start  of  the  ring  acceleration  process.  Other  assumptions  will  be  discussed  as  they  are 
introduced.  Considering  the  radial  acceleration  of  the  basal  ring  tube,  conservation  of 
momentum  yields: 

PuC^dpd,  /  4)di(dp/2)/dtI  =  C,(p0  u =/2)C7tdpd,>  [3] 

where  Cr  is  an  empirical  constant,  somewhat  analogous  to  a  drag  coefficient,  to  account  for 
the  fact  that  the  pressure  difference  across  the  basal  ring  is  only  a  fraction  of  the  ideal 
stagnation  pressure  increase  due  to  effects  of  gas  motion  across  the  basal  ring  and  the 
motion  of  the  gas  in  the  bag,  particularly  as  breakup  of  the  bag  itself  proceeds.  In  [3]  it  is 
also  assumed  that  the  aspect  ratio  of  the  ring,  dp/dr  is  relatively  large  when  approximating 
the  ring  volume  and  crossectional  area.  Adopting  dp/d0  and  t/t*  as  normalized  dependent 
and  independent  variables,  [3]  becomes: 

d2(dp/d0)/d(t/t*)2  =  (4C/7t)(d0/dr),  2<t/t*<4  [4] 

where  the  time  interval  of  concern  is  the  period  when  the  bag  (or  at  least  a  portion  of  it)  is 
present  and  where  the  right-hand-side  of  this  equation  is  taken  to  be  a  constant  under  the 
assumptions  of  the  present  approximate  analysis.  The  initial  conditions  for  [4]  were 
chosen  to  match  the  value  of  dp/d0  at  t/t*  =  2  from  [2]  while  adjusting  the  initial  outward 
velocity  of  the  basal  ring  to  best  fit  the  present  measurements,  as  follows: 

t/t*  =  2:  dp/d0  =  2.0,  d(dp/d0)/d(t/t*)  =  0.8  [5] 

Finally,  integrating  [4]  subject  to  the  initial  conditions  of  [5]  and  adjusting  the  value  of  the 
constant  on  the  right-hand  side  of  [4]  to  best  fit  the  present  measurements,  yields: 

dp/d0  =  0.25(t/t*)2  -  0.18(t/t*)  +  1.43,  2  <  t/t*  <  4  [6] 
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which  is  the  form  that  is  plotted  in  figure  1.  The  result  implies  Cr  *  0.04  in  [3],  which  is 

reasonable  in  view  of  the  residual  motions  of  the  gas  within  the  bag  (particularly  toward  the 
end  of  bag  breakup)  and  the  fact  that  the  relative  velocity  of  the  parent  drop  with  respect  to 
the  gas  is  only  roughly  70-90%  of  the  initial  relative  velocity  during  the  period  of  bag 
growth  and  breakup. 

Proceeding  to  the  basal  ring  breakup  period,  it  is  assumed  that  the  basal  ring,  and 
the  drops  that  are  formed  by  breakup  of  the  basal  ring,  simply  coast  outward  with  a 
constant  radial  velocity  once  the  bag,  and  thus  the  mechanism  for  a  pressure  difference 
across  the  basal  ring,  has  disappeared.  This  behavior  agrees  with  the  observed  variation  of 
dp  in  this  time  period,  and  involves  neglecting  the  relatively  small  drag  forces  on  drop 
liquid  elements  in  the  radial  direction.  Finally,  the  value  of  dp/d0  at  t/t*  =  4  is  matched  to 
the  results  of  [6]  and  the  outward  coasting  velocity  in  the  ring  breakup  period  is  re¬ 
optimized  to  best  fit  the  measurements.  The  final  variation  of  dp/d0  in  the  ring  breakup 
period  then  becomes: 

dp/d0  =  1.79(t/t*)  -  2.51,  4  <  t/t*  <6  [7] 

which  is  the  form  that  is  plotted  in  figure  1. 

Taken  together,  [2],  [6]  and  [7]  provide  a  reasonable  correlation  of  the  measured 
variations  of  dp/d0  as  a  function  of  t/t*  in  figure  1.  These  results  suggest  that  the  flow 
resistance  caused  by  the  bag,  and  the  remaining  portions  of  the  bag  during  its  breakup 
period,  are  mainly  responsible  for  the  cross-stream  spread  of  drops  formed  by  breakup  of 
the  parent  drop,  including  the  large  drops  resulting  from  breakup  of  the  basal  ring. 
Stabilization  of  this  motion  by  surface  tension  within  the  deformation  period  can  be 
important;  after  all,  this  mechanism  is  responsible  for  controlling  drop  deformation  and  for 
preventing  drop  breakup  in  the  deformation  regime  at  We  smaller  than  the  bag  breakup 
regime.  Nevertheless,  effects  of  surface  tension  on  the  radial  dispersion  of  liquid  during 
bag  breakup  appear  to  be  relatively  small. 
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3.1.2  Parent  Drop  Velocities 

The  velocity  of  the  parent  drop,  up,  is  plotted  as  a  function  of  normalized  time  in 
figure  2.  The  various  breakup  periods  —  deformation,  bag  growth  and  basal  ring  growth 
(the  last  combining  the  bag  breakup  and  ring  breakup  periods  of  figure  1)  —  are  marked  on 
the  plot  for  reference  purposes.  The  parent  drop  exhibits  considerable  acceleration  during 
the  breakup  period,  similar  to  past  observations  of  the  motion  of  parent  drops  for  shear 
breakup  (Hsiang  and  Faeth  1992,1993,1995).  In  fact,  the  absolute,  up,  and  relative,  (u0- 
up),  velocities  of  the  parent  drop  are  comparable  at  the  end  of  the  ring  growth  period,  which 
implies  a  reduction  of  the  relative  velocity  of  the  parent  drop  of  roughly  50%  during  the 
time  of  breakup,  which  is  quite  substantial.  This  behavior  comes  about  due  to  growth  of 
the  cross-stream  dimensions  of  the  deformed  parent  drop,  as  a  result  of  deformation  and 
bag  formation,  as  well  as  due  to  increased  drag  coefficients  of  the  deformed  parent  drop, 
both  of  which  significantly  increase  the  drag  forces  on  the  parent  drop  compared  to  the 
original  spherical  drop. 

3.1.3  Drag  Coefficients 

In  order  to  provide  a  common  basis  for  comparing  the  drag  coefficients  of  the 
parent  drops  during  the  various  breakup  periods,  they  were  based  on  the  current  (local) 
cross-sectional  area  of  the  drop  normal  to  the  flow  and  relative  velocity  of  the  deformed 
parent  drop  with  respect  to  the  ambient  gas.  The  position  of  the  parent  drop  was  taken  to 

be  either  the  centroid  of  the  deforming  drop  (0  <  t/t*  <  2)  or  the  axis  of  the  basal  ring  (2  < 

t/t*  <  5).  The  temporal  variation  of  the  temporal  drag  coefficients  are  plotted  in  figure  3. 
The  drag  coefficients  of  spheres  CD  =  0.4,  and  thin  disks,  CD  =  1.2,  at  similar  Reynolds 
numbers  are  also  shown  on  the  plot  for  reference  purposes.  In  the  deformation  period  (0  < 

t/t*  <  2),  the  drag  coefficient  increases  rapidly  as  the  degree  of  deformation  increases. 
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reaching  a  maximum  value  when  the  bag  begins  to  form.  This  maximum  value 
approximates  the  drag  coefficient  of  a  thin  disk,  which  is  reasonable  in  view  of  the  shape  of 

the  parent  drop  at  this  condition.  In  the  bag  growth  period  (2  <  t/t*  <  3),  the  continuous 

increase  of  the  cross-stream  diameter  of  the  parent  drop,  along  with  bag  growth  (which 
reduces  the  transfer  of  drag  forces  to  the  basal  ring)  causes  parent  drop  drag  coefficients  to 

become  smaller.  The  reduced  drag  of  the  ring  growth  and  breakup  periods  (3  <  t/t*  <  5)  is 

then  representative  of  the  lost  flow  resistance  of  the  parent  drop  once  the  bag  is  no  longer 
present. 


3.2  Basal  Ring  Properties 

3.2.1  Basal  Ring  Volume 

Drop  sizes  formed  from  the  bag  and  the  basal  ring  of  the  bag  are  substantially 
different;  therefore,  it  is  important  to  know  the  relative  volumes  of  the  bag  and  its  basal  ring 
in  order  to  estimate  drop  sizes  produced  by  the  bag  breakup.  Thus,  measurements  were 
undertaken  to  establish  the  distribution  of  the  parent  drop  liquid  between  the  bag  and  the 
basal  ring  over  the  complete  range  of  the  present  data.  These  measurements  were  made  by 
characterizing  the  ring  at  the  end  of  bag  breakup,  including  the  volume  of  the  nodal  drops 
as  well  as  the  cylindrical  sections  of  the  ring  in  the  region  between  the  nodal  drops.  The 
ratio  of  the  liquid  volume  in  the  basal  ring,  Vr,  to  the  initial  volume  of  the  parent  drop,  Vc, 
is  summarized  in  Table  2  (other  parameters  in  this  table  include  the  Ohnesorge  number 

based  on  the  tube  diameter  of  the  ring  Oh,  =  |iL/(pLdra)1/2,  and  the  diameter  of  drops 

formed  from  the  ring,  dtd,  limited  to  the  properties  of  the  ring  between  node  drops).  For 
present  test  conditions,  each  value  of  Oh  corresponds  to  a  particular  drop  liquid; 
nevertheless,  it  can  be  seen  that  V/V0  is  essentially  independent  of  Oh  over  the  present  test 
range,  yielding  the  correlation: 


V/V0  =  0.56 


[8] 
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with  a  standard  deviation  of  0.04.  Lane  (1951)  carried  out  early  measurements  of  bag 
breakup  and  mentions  a  determination  of  V/V0  =  0.75;  nevertheless,  this  earlier  value  is 
only  mentioned  in  passing  with  no  information  provided  about  its  accuracy  and  method  of 
determination  so  that  its  reliability  is  uncertain. 


3.2.2  Tube  Axis  Diameter 

Given  that  the  volume  of  the  ring  as  a  fixed  fraction  of  the  initial  drop  volume,  it 
should  be  possible  to  determine  the  diameter  of  the  tube  axis  of  the  ring  as  a  function  of  the 
ring  diameter.  In  particular,  if  the  presence  of  node  drops  along  the  basal  ring  is  ignored: 

V/V0  =  (7t2dpd?/4)/(7td^/6)  [9] 

which  implies: 

d/d0  =  (2  V /(3tc  V0))  mJ (dp/d0) 1/2  =  0.35/(dp/do)I/2  [10] 

where  dp/d0  is  known  as  a  function  of  time  either  from  figure  1  or  from  [6]  and  [7]. 

Present  measurements  of  d/d0are  plotted  as  a  function  of  t/t*  in  figure  4.  The 
predictions  of  d/d0  from  [10]  using  [6]  and  [7]  to  find  dp/d0,  are  also  shown  on  the  plot. 
There  is  significant  scatter  of  the  measurements  due  to  problems  of  observing  the  basal 
ring,  particularly  when  the  bag  is  present,  and  effects  of  the  presence  of  node  drops. 
Nevertheless,  the  measurements  are  in  reasonably  good  agreement  with  [10],  supporting  a 
relatively  slow  reduction  of  d/d0  with  increasing  time  due  to  the  increased  diameter  of  the 
tube  axis  of  the  basal  ring  itself. 

3.2.3  Basal  Ring  Drop  Diameters 

Two  types  of  drops  are  formed  from  the  basal  ring:  node  drops  and  drops  from  the 
cylindrical  portions  of  the  ring  between  the  nodes  that  are  somewhat  smaller  than  the  node 
drops.  The  drops  formed  from  the  cylindrical  portion  of  the  basal  ring  are  not  subject  to 
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strong  strain  and  appear  to  result  from  classical  Rayleigh  breakup  of  a  nearly  constant- 
diameter  liquid  column.  In  addition,  the  Ohnesorge  numbers  of  the  rings  observed  during 

the  present  investigation  were  relatively  small  (Oh  <0.13  based  on  values  given  in  Table  2) 

so  that  effects  of  liquid  viscosity  should  be  small  as  well.  Under  these  circumstances,  the 
ratio  of  the  diameter  of  the  drops  foimed  by  ring  breakup,  and  the  ring  diameter,  should  be 
a  constant,  as  follows  (Dombrowski  and  Hooper  1962): 

drd/dr=  1.88,  predicted.  [11] 

The  Rayleigh  breakup  condition  of  [11]  was  evaluated  using  the  present 
measurements.  In  doing  this,  the  complication  of  the  node  drops  was  ignored  (they  will  be 
considered  later)  and  only  drops  formed  from  the  intervening  constant-diameter  portions  of 
the  ring  were  considered.  In  addition,  dr  was  determined  for  this  expression  at  the  time  of 
ring  drop  breakup,  i.e.,  t/t*  =  5  where  d/d0  =  0.13  from  figure  4  with  a  16%  uncertainty. 

The  values  of  drd/dr  measured  during  the  present  investigation  are  summarized  as  a 
function  of  Oh  in  Table  2.  As  before,  the  present  experiments  involved  a  nearly  constant 
Oh  (and  Oh,)  for  each  liquid  because  the  variation  of  We  is  small  in  the  bag  breakup 
regime.  The  measurements  do  not  suggest  a  significant  effect  of  Oh  over  the  present  test 
range  and  yield 


drd/dr  =  2.2,  measured  [12] 

Clearly,  [12]  is  in  reasonably  good  agreement  with  the  Rayleigh  breakup  prediction  at  small 
Oh  given  by  [11],  supporting  Rayleigh  breakup  as  the  mechanism  producing  drops  from 
the  ring-like  portions  of  the  basal  ring.  Finally,  given  d/d0  =  0.13,  as  just  discussed, 
implies: 


drd/d0  =  0.29.  [13] 

The  effect  of  the  node  drops  on  the  mean  size  of  drops  produced  by  the  ring  will  be 
considered  next.  In  general,  there  were  4-6  node  drops,  having  diameters  of  (1.3-1. 6)drd. 
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Thus,  if  this  contribution  is  added  to  that  of  the  drops  from  the  tubular  portions  of  the  ring, 
the  final  average  size  of  drops  formed  from  the  basal  ring,  d^,  can  be  correlated  as  follows: 

djd0  =  0.30  [14] 

with  the  uncertainty  of  this  constant  being  less  than  20%.  Finally,  the  total  number  of 
drops  produced  by  the  basal  ring,  Ntrd,  can  be  found  from  the  mean  size  of  the  basal  ring 
drops  given  by  [14]  and  the  volume  of  the  basal  ring  given  by  [8],  as  follows: 

N„d  =  22.1 


3.2.4  Basal  Ring  Breakup  Time 

As  discussed  by  McCarthy  and  Molloy  (1974),  the  Rayleigh  breakup  times,  tn,  of 
liquid  columns  have  been  shown  to  be 

t„  =  C(ptd/a)1/2(l+30hr)dr  [16] 

where  d  is  the  column  diameter.  Oh,  is  the  Ohnesorge  number  based  on  this  dimension, 

m 

and  C  is  a  stability  constant  that  must  be  determined.  Smith  and  Moss  (l$9o)  found  C  to 
be  13  for  different  liquids  and  column  diameters.  Associating  the  time  required  for  the 
Rayleigh  breakup  with  the  time  required  for  the  basal  ring  to  breakup,  by  replacing  the 
column  diameter  with  the  tube  axis  diameter  in  [16],  yields: 

t„  =  CCn(pLd/a)  1/2(  1  +3  Oh,)d,  [17] 

where  Cn  is  an  unknown  constant  of  proportionality  expected  to  be  on  the  order  of  unity. 
For  the  conditions  of  the  present  study,  Oh,  is  small  so  that  the  effect  of  liquid  viscosity 
represented  by  the  Oh  term  can  be  neglected.  Then,  normalizing  [17]  by  t*  yields: 

tjt*  =  13Cn  We1/2(d/d0)1/2  [18] 
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For  bag  breakup.  We  =  13-25,  while  d/d0  =  0.17-0.19  in  the  region  where  the  basal  ring  is 
present  (i.e.,  2  <  t/t*  <  5)  as  seen  in  figure  4.  Substituting  averages  of  these  parameters 
into  [18]  then  yields: 


tjt*  =  3.88Cn  [19] 

Finally,  it  is  assumed  that  the  Rayleigh  breakup  process  of  the  basal  ring  begins  when  the 

ring  has  just  formed  (t/t*  =  2)  and  ends  upon  ring  breakup  (t/t*  =  5),  based  on  the  results 

illustrated  in  figure  1.  This  implies  that  the  time  required  from  initial  basal  ring  formation 
to  basal  ring  breakup  is  t„  =  3t*.  so  that  C„  =  0.77.  Since  Cn  is  on  the  order  of  unity,  as 
expected,  this  finding  provides  good  support  for  the  idea  that  basal  ring  breakup  involves  a 
relatively  passive  Rayleigh  breakup  process.  Thus,  given  that  the  time  required  to  reach 
maximum  deformation,  where  basal  ring  formation  is  completed,  is  2t*,  the  Rayleigh 
breakup  time  of  the  basal  ring  of  roughly  3t*  fixes  the  entire  bag  breakup  time  to  be 
roughly  5t*.  This  breakup  time  is  nearly  the  same  as  for  shear  breakup  (Liang  et  al.  1988) 
but  the  previous  reasoning  suggests  that  this  agreement  is  fortuitous  due  to  the  very 
different  breakup  phenomena  that  comprise  the  bag  and  shear  breakup  processes. 

3.2.5  Ring  Drop  Velocity  Distributions 

Ring  drop  velocity  distributions  were  essentially  independent  of  drop  size,  except 
for  a  slight  tendency  for  node  drops  to  move  slower  than  the  smaller  ring  drops  formed 
from  portions  of  the  basal  ring  between  the  node  drops.  This  effect  is  evident  from  the 
downstream  deflection  of  the  basal  ring  in  the  region  between  nodes  seen  in  the  inset  figure 
at  t/t*  =  4  in  figure  1.  This  variation,  however,  is  less  than  present  experimental 
uncertainties  for  velocity  measurements  so  that  initial  ring  drop  velocities  can  be  computed 
from  the  results  illustrated  in  figure  2  with  little  error. 

3.3  Bag  Properties 

3.3.1  Bag  Drop  Diameters 
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The  properties  of  drops  formed  by  breakup  of  the  bag,  along  with  a  few 
determinations  of  bag  thickness,  h,  by  measurements  from  holograms,  are  summarized  in 
Table  3.  It  should  be  noted  that  the  values  of  h  given  in  Table  3  are  not  very  reliable 
because  they  approach  present  limits  of  spatial  resolution  and  involve  additional  problems 
of  estimating  film  thicknesses  from  the  region  where  the  bag  breaks  up  into  drops  (in 
particular,  later  considerations  will  show  that  unbalanced  surface  tension  forces  in  the 
region  where  bag  drops  are  forming  are  important  so  that  these  effects  probably  locally 
increase  bag  thicknesses  as  well).  In  view  of  these  problems,  it  is  estimated  that  the  values 
of  h  in  Table  3  might  be  too  large  by  as  much  as  a  factor  of  two,  although  the 
corresponding  drop  diameter  measurements  for  drops  found  from  bag  breakup  are  felt  to  be 
reliable  within  the  uncertainties  stated  earlier.  Entries  provided  in  Table  3  include  d0,  the 
time  when  drop  sizes  were  measured  (except  for  one  condition  at  t/t*  =  3,  these  results 
were  averaged  over  the  entire  breakup  period  of  t/t*  =  3-4),  the  number-averaged  bag  drop 
diameter,  d^,  and  the  Sauter  mean  diameter  SMDm,  of  drops  formed  from  the  breakup  of 
the  bag,  several  normalizations  of  these  properties  and  the  Ohnesorge  number  based  on  the 
dimension  dWa. 

Comparing  mean  drop  diameters  at  the  start  of  bag  breakup  and  averaged  over  the 
entire  bag  breakup  period  for  glycerol  (42%)  indicates  an  increase  of  the  drop  sizes  as  the 
basal  ring  of  the  bag  is  approached.  This  is  not  unexpected  as  some  stretch  of  the  bag 
membrane,  and  a  corresponding  reduction  of  the  size  of  drops  formed  by  breakup  of  the 
membrane,  is  expected  as  the  farthest  downstream  location  is  approached.  Nevertheless, 
the  variation  of  drop  diameters  is  not  large,  with  drops  formed  initially  from  the  bag  being 
only  15%  smaller  than  the  mean  size  of  drops  formed  from  the  bag. 

A  second  issue  of  interest  about  drops  formed  by  breakup  of  the  bag  itself  is  the 
variation  of  mean  drop  sizes  with  Oh.  The  results  of  Table  3  show  that  both  dMa/d0  and 
SMDbd/d0  increase  as  Oh  increases  over  the  test  range.  Characterizing  this  behavior  by  the 
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Ohnesorge  number  based  on  the  average  size  of  drops  formed  from  the  bag,  it  is  seen  that 
dbda/d0  increases  from  3.5%  to  4.9%  as  OhMa  increases  from  0.023  to  0.193.  This 
behavior  suggests  an  effect  of  liquid  viscosity  on  bag  properties,  and  thus  on  the  properties 
of  drops  formed  from  the  bag;  such  behavior  is  not  surprising  in  view  of  past  observations 
(Hsiang  and  Faeth  1992, 1993, 1995)  of  strong  effects  of  liquid  viscosity  on  the  drop  sizes 
formed  by  secondary  breakup. 

Mean  drop  sizes  resulting  from  breakup  of  the  bag  vary  somewhat  with  initial  Oh  as 
just  noted,  but  yield  an  average  value  of  dMa/d0  of  4.2%,  over  the  present  test  range.  Thus, 
bag  drops  generally  are  relatively  small  and  do  not  have  as  strong  an  effect  on  spray 
transport  properties  as  the  drops  produced  by  breakup  of  the  basal  ring.  For  example, 
based  on  the  diameter-squared  behavior  that  tends  to  dominate  drop  properties  in  sprays 
(Faeth  1997),  the  lifetime  of  drops  formed  from  the  basal  ring  would  be  nearly  60  times 
longer  than  the  lifetime  of  drops  formed  from  the  bag.  Another  issue  concerning  mean 
drop  sizes  is  that  SMDm  and  dMa  are  nearly  the  same,  e.g.,  the  average  value  of  the  ratio 
SMDh/d^  =  0.89.  This  behavior  implies  a  nearly  monodisperse  size  distribution  for  these 
drops,  a  property  that  will  be  considered  in  more  detail  next.  To  summarize,  the  correlation 
of  bag  drop  sizes  becomes: 


dMa/d0  =  0.042  [20] 

The  size  distribution  function  of  drops  formed  by  breakup  of  the  bag  is  illustrated  in  figure 
5.  These  results  are  plotted  according  to  the  root  normal  distribution  function  that  has 
proven  to  be  successful  for  a  variety  of  drop  and  spray  breakup  processes  (Faeth  1997). 
Results  for  various  values  of  MMD/SMD  for  the  bag  drops  are  shown  on  the  plot  for 
comparison  with  the  measurements.  In  the  past,  this  distribution  function  with  MMD/SMD 
=  1.20  has  been  successful  for  correlating  drop  size  distributions  in  sprays.  The  bag  drops 
themselves,  however,  while  correlating  reasonably  well  according  to  the  root  normal 
distribution  function,  do  so  only  with  a  much  smaller  value  of  MMD/SMD  =  1.04.  As 
discussed  earlier,  however,  this  result  is  not  unexpected  due  to  the  nearly  monodisperse 
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size  distribution  of  drops  formed  from  the  bag  because  the  bag  membrane  itself  appears  to 
have  a  relatively  uniform  thickness.  The  behavior  of  the  drop  size  distribution  function 
changes  when  drops  formed  from  both  the  bag  and  the  ring  are  considered,  however,  as 
discussed  later  in  connection  with  overall  breakup  properties. 

3.3.2  Bag  Breakup  Time 

The  time  required  for  breakup  of  bag,  tbt,  is  also  an  important  parameter  that  must 
be  known.  This  issue  will  be  considered  in  the  following,  assuming  a  constant  bag 
thickness  during  bag  growth  period  with  an  average  bag  velocity,  ub,  as  shown  in  Table  4, 
by  relating  the  bag  breakup  time  to  the  breakup  time  of  a  thin  film. 

From  Dombrowski  and  Hooper  (1962),  the  time  required  from  breakup  of  a  thin 
film,  tft,  can  be  correlated  as  follows: 

yt*  =  3.73  We'1/2  (uo/uJ2(h/d0)1/2  [21] 

where  uL  is  the  liquid  film  velocity.  For  the  bag  growth  period,  the  liquid  film  velocity  can 
be  approximated  by  ub  to  yield  the  time  required  for  breakup  of  bag  as  follows: 

tb/t*  =  3.73  Cbl  We' 1/2  (uo/ub)2(h/d0)1/2  [22] 

where  Cbt  is  a  constant  of  proportionality  expected  to  be  on  the  order  of  unity.  Applying 
[22],  using  a  constant  value  of  h/d0  =1%,  yields  the  bag  breakup  times  summarized  in 
Table  4.  From  figure  1,  the  time  required  for  breakup  of  the  bag  is  typically  t^t*  =  1.0, 
thus,  averaging  the  results  in  Table  4  implies  that  the  Cbt  =  0.91  which  is  on  the  order  of 
unity,  as  expected.  This  finding  strongly  supports  the  idea  that  breakup  of  the  bag  itself 
involves  a  simple  thin  film  breakup  of  the  membrane-like  bag,  and  that  the  bag  inflation 
time  is  controlled  by  the  breakup  time  of  the  first  part  of  the  bag  that  is  formed,  i.e.,  the  tip 
of  the  bag. 

3.3.3  Bag  Drop  Velocity  Distribution 
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Initial  velocities  of  bag  drops  exhibit  negligible  variation  with  size  over  the  narrow 
range  of  sizes  of  these  drops.  In  addition,  even  though  portions  of  the  bag  move  at 
somewhat  different  velocities  than  the  parent  drop  (which  is  taken  to  be  the  basal  ring  for 
2<t/t*<  5  when  parent  drop  velocities  are  found)  these  velocity  variations  are  small 
compared  to  the  parent  drop  velocity.  Thus,  within  present  experimental  uncertainties, 
initial  bag  drop  velocities  can  be  estimated  as  the  parent  drop  velocity  at  the  time  they  are 
formed  from  figure  2.  Present  observations  indicate  that  the  time  of  breakup  of  the  bag 
extends  over  the  range  t/t*  =  3.2  -  3.5,  thus,  in  view  of  the  relatively  slow  variation  of 
parent  drop  velocities  seen  in  Fig.  2,  initial  bag  drop  velocities  are  essentially  monodisperse 
within  present  experimental  uncertainties. 

3.4  Overall  Breakup  Properties 

3.4.1  Drop  Size  Distributions 

Past  work  yielded  different  observations  about  overall  drop  size  distributions 
resulting  from  bag  breakup,  for  example,  Hsiang  and  Faeth  (1992,  1993,  1995)  find  that 
drop  size  distribution  functions  represented  reasonably  well  by  the  universal  root  normal 
size  distribution  function  while  Gel’fand  et  al.  (1974)  report  a  bimodal  drop  size 
distribution  function  with  one  nearly  monodisperse  group  associated  with  drops  formed 
from  the  ring  and  a  second  nearly  monodisperse  group  associated  with  drops  formed  from 
the  bag.  The  overall  drop  size  distribution  function  properties  were  studied  during  the 
present  investigation  in  order  to  help  resolve  these  differences.  As  a  practical  matter  it  was 
found  that  in  spite  of  the  nearly  monodisperse  drops  formed  from  the  bag  no  bimodal 
behavior  for  the  drop  size  distribution  function  was  evident.  Thus,  present  results 
concerning  the  drop  size  distribution  function  were  correlated  in  terms  of  the  universal  root 
normal  distribution  function  of  Simmons  (1977).  It  will  be  shown  later,  however,  that  this 
behavior  probably  is  due  to  undersampling  the  small  drops  formed  from  the  bag,  tending  to 
support  the  findings  of  Gel’fand  et  al.  (1974)  at  least  to  the  extent  that  an  overall  drop  size 
distribution  is  useful  for  treating  bag  breakup  processes. 
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The  drop  size  distribution  results  for  the  present  measurements  of  bag  breakup 
properties  are  plotted  in  terms  of  the  universal  root  normal  distribution  function  in  figure  6. 
These  results  emphasize  behavior  over  the  entire  test  range  rather  more  statistically 
significant  results  at  a  fewer  number  of  conditions.  Thus,  the  measurements  illustrated  in 
figure  6  are  scattered  due  to  inadequate  statistics.  In  particular,  bag  breakup  of  individual 
drops  yields  a  relatively  small  number  of  large  drops  that  dominate  the  size  distribution 
function  because  they  represent  a  large  fraction  of  the  drop  volume  produced  by  breakup. 
In  addition,  the  small  drops  formed  from  breakup  of  the  bag  itself  tend  to  be  undersampled 
because  they  are  small  and  poorly  resolved  and  also  are  rapidly  swept  downstream  due  to 
their  rapid  acceleration  to  gas  velocities.  The  results  shown  in  figure  6  however,  are 
reasonably  represented  by  the  root  normal  distribution  function,  with  MMD/SMD  =  1 .2, 
which  is  similar  to  earlier  findings  for  other  spray  breakup  processes  (Faeth  1997). 

A  second  issue  of  interest  about  the  drop  size  distribution  is  the  SMD  after  bag 
breakup.  The  SMD  is  mainly  dominated  by  the  largest  drop  sizes  in  the  distribution;  thus, 
by  neglecting  the  small  drops  from  bag,  the  present  measurements  of  SMD/d0  after  bag 
breakup  are  summarized  in  Table  5,  along  with  the  average  ring  drop  size  from  [14]  and  the 
average  bag  drop  size  from  Table  3.  Clearly,  the  SMD  after  bag  breakup  is  dominated  by 
the  node  drop  size  (the  largest  drop  size  of  ring  drops)  and  is  essentially  independent  of  Oh 
over  the  present  range  to  yield: 

SMDtolal/d0  =  0.36  [23] 

with  a  standard  deviation  of  0.05  for  [23]. 

The  present  correlation  of  the  SMD  for  the  entire  bag  breakup  process  from  [23] 
differs  from  the  earlier  findings  of  Hsiang  and  Faeth  (1992).  The  correlating  expression 
for  the  SMD  for  bag  breakup  from  Hsiang  and  Faeth  (1992)  was  found  as  an  empirical 
extension  of  the  boundary  layer  stripping  analysis  developed  for  the  shear  breakup  regime 
to  yield  the  following  expression: 
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pGSMDU2/a  =  6.2(pL/pG)1/4(vL  /d0u0)1/2  We  [24] 

The  SMD  after  bag  breakup  for  the  present  measurements  is  plotted  in  figure  7  as 
suggested  by  [24],  along  with  the  data  of  Hsiang  and  Faeth  (1992)  for  the  bag  breakup 
region.  Both  sets  of  measurements  roughly  agree  with  each  other,  however,  the  results  of 
the  present  study,  characterized  by  the  results  of  [23],  yield  a  constant  value  of  SMD/d0  for 
the  bag  region  instead  of  the  correlation  of  [24].  This  implies  that  the  SMD  after  bag 
breakup  only  fortuitously  agreed  with  the  boundary  layer  analogy,  over  the  narrow  range 
of  We  of  the  bag  breakup  regime.  Thus,  a  more  rational  approach  would  be  to  treat  bag 
breakup  as  dominated  by  Rayleigh  breakup  of  the  basal  ring,  including  the  complications 
due  to  the  presence  of  node  drops  to  yield  [23]. 

The  small  drops  (which  mainly  are  formed  from  the  bag)  can  have  a  large  effect  on 
the  SMD,  however,  even  though  they  are  often  ignored,  because  there  are  a  large  number 
of  small  drops  due  to  the  reasonably  large  mass  fraction  and  small  size  of  drops  formed 
from  the  bag.  In  the  same  way  that  the  number  of  drops  formed  from  ring  was  estimated  in 
[15],  the  number  of  drops  formed  from  the  bag  can  be  estimated  as  follows: 


7t  /  6  d^  (mass  fraction  of  bag  drops)  =  Nb  n/6  d^,  [25] 

Using  the  mass  fraction  of  the  basal  ring  from  [8]  and  the  average  bag  drop  size  given  by 
[20],  the  number  of  drops  formed  from  the  bag  can  be  computed  from  [25]  to  yield  Nb  = 
5940  bag  drops  per  initial  drop.  Summarizing  the  results  from  [8]  and  [25],  and  estimating 
the  number  of  node  drops  as  6  per  initial  drop,  then  the  number  distribution  involves  fixed 
fractions  for  the  bag,  node  and  ring  drops  as  follows:  fb  =  0.996,  f0  =  0.001  and  fr  = 
0.003.  It  is  obvious,  that  the  small  drops  dominate  the  number  of  drops  in  the  distribution. 

Given  this  information,  the  overall  SMD  including  the  small  drops  can  be  estimated 
from  the  fundamental  definition  of  the  SMD  as  follows: 


SMD/d0 


fb(dtJ/d0)3  +  fr(dri/d0)3  +  f„(d„,,/dj3 

fb(dM/d„)J+f,«Vd0)2+f„(d,d/do)2 


[26] 
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Substituting  the  values  of  fb,  fr  and  f„,  and  the  ratios  dbd/d0,  drd/d0,  dnd/d0,  found  earlier, 
yields  SMD/d0  =  0.11,  which  is  much  smaller  than  the  result  given  by  [23]  where  the  bag 
drops  have  been  ignored.  This  implies  that  the  small  drops  do  affect  the  SMD  substantially 
when  the  overall,  SMD  is  sought.  This  behavior  suggests  that  such  gross  averages  for  the 
entire  bag  breakup  process  are  not  very  helpful,  although  the  drops  formed  from  the  bag 
are  still  important  in  spite  of  their  small  size  because  they  amount  to  44%  of  the  initial  mass 
of  the  drop.  Taken  together,  a  more  effective  approach  is  to  use  [23]  to  estimate  the  size  of 
the  ring  drops,  and  [20]  to  estimate  the  size  of  the  bag  drops,  while  treating  these  drops  as 
separate  populations. 

3.4.2  Drop  Breakup  Rate 

In  order  to  find  drop  breakup  rates,  the  fact  that  the  entire  bag  breakup  process 
involves  two  separate  periods  of  liquid  removal  from  the  parent  drop  must  be  considered: 
one  period  associated  with  breakup  of  the  bag  itself,  and  the  other  period  associated  with 
breakup  of  the  basal  ring.  The  first  period  involves  44%  of  the  original  drop  mass  from 
[8],  with  this  process  approximated  by  a  constant  rate  of  liquid  removal  over  the  time 
period,  t/t*  =  3. 2-3.5,  when  the  bag  itself  was  observed  to  break  up  based  on  present 
measurements.  The  second  period  involves  56%  of  the  original  drop  mass  from  [8],  with 
this  process  assumed  to  occur  by  the  nearly  simultaneous  formation  of  drops  from  the  basal 
ring  at  t/t*  =  5.0,  when  the  basal  ring  was  observed  to  break  up  based  on  present 
measurements. 

Present  measurements  of  the  cumulative  volume  percentage  of  liquid  removed  from 
the  parent  drop,  based  on  the  assumptions  just  discussed,  are  plotted  in  figure  8.  Thus, 
unlike  shear  breakup,  bag  breakup  involves  two  relatively  short  breakup  periods,  separated 
by  periods  of  development  of  Rayleigh  breakup  processes.  An  interesting  feature  of  the 
results  illustrated  in  figures  1  and  8  is  that  the  bag  forms  for  a  time  period  1.0  t*  with  bag 
formation  ending  due  to  Rayleigh  breakup  of  the  tip  of  the  bag.  Thus,  if  the  entire  process 
of  breakup  of  the  bag  proceeded  by  passive  Rayleigh  breakup,  a  total  breakup  period  of  the 
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bag  1.0 t*  might  be  expected  as  well.  Instead,  the  bag  actually  breaks  up  in  a  much  shorter 
time,  0.3  t*.  This  suggests  that  once  breakup  of  the  bag  starts,  the  unbalanced  surface 
tension  forces  on  the  broken  bag  enhance  its  motion  toward  the  basal  ring  so  that  its  time  of 
breakup  (or  disappearance  )  is  reduced.  This  behavior  also  helps  to  explain  the  tendency 
for  bag  drop  sizes  to  be  larger  than  suggested  by  estimates  of  bag  thickness,  and  to  increase 
as  the  basal  ring  is  approached  due  to  a  corresponding  increase  of  the  membrane  thickness. 
Finally,  the  liquid  removal  properties  of  bag  breakup  highlights  why  separate  treatment  of 
drops  formed  from  the  bag  and  from  the  basal  ring  is  preferable  to  attempting  to  treat  all  the 
drops  as  a  single  population. 

3.4.3  Temporal  and  Spatial  Breakup  Region 

The  spatial  and  temporal  properties  of  bag  breakup  based  on  the  velocity  results  of 
figure  2  are  illustrated  in  figure  9.  These  findings  involve  the  streamwise  positions  of  the 
drops  and  the  tip  of  bag,  denoted  by  x,  as  functions  of  the  time  after  the  start  of  breakup. 
The  positions  of  the  parent  drop  (which  is  slowest  drop  to  relax  toward  gas  velocities),  the 
tip  of  the  bag  (when  it  is  present  in  the  period  2<t/t*<3)  and  the  most  remote  drop  (which  is 
the  first  drop  formed  from  breakup  of  the  tip  of  the  bag  and  which  responds  relatively 
rapidly  to  the  gas  motion  due  to  its  relatively  small  size)  are  illustrated  in  the  figure.  The 
most  remote  drop  separates  from  the  parent  drop  at  roughly  t/t*  =  3  (actually  t/t*  =  3.2) 
when  the  bag  begins  to  break  up,  and  begins  its  streamwise  travel  from  the  tip  of  the  bag. 
The  breakup  process  itself  typically  is  ended  when  breakup  of  the  ring  is  completed,  which 
occurs  roughly  at  t/t*  =  5  for  present  test  conditions.  In  the  coordinate  system  of  figure  9, 

there  is  a  small  effect  of  pL/pG  on  drop  motion;  therefore,  results  at  the  limits  of  the  present 

test  range,  pL/pG  =  630  and  890,  have  been  illustrated  on  the  plot. 

The  results  illustrated  in  figure  9  indicate  that  the  temporal  and  spatial  ranges  of  bag 
breakup  are  comparable  to  the  findings  for  shear  breakup  observed  by  Chou  et  al.  (1997). 
In  particular,  the  breakup  period  requires  t/t*  in  the  range  0-5;  in  this  period,  the  most 
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remote  drop  moves  a  streamwise  distance  of  roughly  60  initial  drop  diameters  and  the 
parent  drop  moves  a  streamwise  distance  of  roughly  50  initial  drop  diameters.  Finally,  the 
results  plotted  in  figure  1  (based  on  the  value  of  dp/d0  at  the  time  of  breakup  of  the  basal 
ring)  imply  that  the  largest  drops  formed  by  breakup  of  the  ring  spread  laterally  to  a 
diameter  of  roughly  7  initial  drop  diameters.  These  times  and  distances  are  comparable  to 
characteristic  times  and  distances  associated  with  the  dense  region  of  pressure-atomized 
sprays  (Faeth,  1997);  therefore,  both  bag  and  shear  breakup  should  be  treated  as  rate 
processes  rather  than  by  jump  conditions,  in  many  instances. 

4.  CONCLUSIONS 

The  objective  of  the  present  study  was  to  experimentally  investigate  the  temporal 
properties  of  bag  breakup  for  shock-wave  initiated  disturbances  in  air  at  normal  temperature 
and  pressure.  The  test  liquids  included  water,  ethyl  alcohol  and  various  glycerol  mixtures 
to  yield  liquid/gas  density  ratios  of  633-893,  Weber  numbers  of  13-20,  Ohnesorge 
numbers  of  0.0043-0.0427  and  Reynolds  numbers  of  1550-2150.  The  major  conclusions 
of  the  study  are  as  follows: 

1 .  The  basal  ring  formed  from  the  parent  drop  contains  roughly  56%  of  the  initial  drop 
volume  (mass)  and  eventually  yields  drops  having  mean  diameters  of  roughly  30% 
of  the  initial  drop  diameter  due  to  a  Rayleigh-like  breakup  process  of  the  basal  ring 
that  occurs  relatively  abruptly  near  t/t*  =  5. 

2.  The  bag  formed  from  the  parent  drop  contains  roughly  44%  of  the  initial  drop 
volume  (mass)  and  eventually  yields  nearly  monodisperse  drops  having  mean 
diameters  of  roughly  4%  of  the  initial  drop  diameter  due  to  a  breakup  process  of  the 
membrane-like  bag.  This  breakup  process  propagates  progressively  from  the  tip  to 
the  basal  ring  end  of  the  bag  over  the  period  t/t*  =  3.2  -  3.5  and  yields  a  nearly 
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monodisperse  drop  size  distribution;  this  behavior  suggests  a  relatively  uniform  bag 
thickness  of  roughly  2-3%  of  the  initial  drop  diameter. 

3.  The  distinct  properties  of  the  drops  formed  from  the  bag  and  from  the  basal  ring 
suggest  that  they  should  be  treated  as  separate  drop  populations  rather  than  merged 
as  in  past  determinations  of  bag  breakup  jump  conditions,  e.g.,  the  approach 
developed  by  Hsiang  and  Faeth  (1992).  Thus,  the  two  drop  populations  should  be 
represented  by  separate  size  distribution  functions  with  the  bag  drops  assumed  to  be 
formed  at  a  uniform  rate  over  the  period  t/t*  =  3.2  -  3.5  and  the  basal  ring  drops 
assumed  to  be  formed  abruptly  at  t/t*  =  5.0,  with  initial  drop  velocities  at  these 
conditions  relatively  independent  of  drop  size  and  approximated  by  corresponding 
parent  drop  velocities  at  the  time  of  drop  formation. 

4.  The  parent  drop  experiences  large  acceleration  rates  due  to  the  development  of  both 
large  cross-sectional  areas  and  large  drag  coefficients  caused  by  drop  deformation 
and  bag  formation.  Phenomenological  analyses  provided  reasonably  good 
correlations  of  parent  drop  velocities  similar  to  earlier  considerations  of  jump 
conditions  for  drop  velocities  due  to  Hsiang  and  Faeth  (1992,  1993, 1995). 

5.  Bag  breakup  causes  significant  temporal  and  spatial  dispersion  of  drops  during  the 
breakup  period,  as  follows;  the  breakup  process  requires  a  total  time  of  t/t*  =  5;  the 
cross-stream  dispersion,  based  on  the  diameter  of  the  ring  axis  when  ring  breakup 
is  completed,  amounts  to  roughly  7  initial  drop  diameters;  and  the  streamwise 
dispersion  when  breakup  is  completed  involves  a  streamwise  motion  of  the  parent 
drop  of  roughly  50  initial  drop  diameters  and  corresponding  motion  of  the  most 
remote  drop  of  roughly  60  initial  diameters.  These  times  and  distances  are  not 
always  small  in  comparison  to  the  characteristic  times  and  distances  of  dense  spray 
processes,  implying  that  bag  breakup  should  be  treated  as  a  rate  process,  rather  than 
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by  jump  conditions,  in  some  instances,  in  agreement  with  earlier  findings  for  shear 
breakup  due  to  Chou  et  al.  (1997). 
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Table  1  Summary  of  the  test  conditions  for  bag  breakup’ 
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Table  2  Summary  of  properties  of  basal  ring3 


Liquid1* 

We 

Oh 

v/v0 

Ohf 

<Wdr 

Water 

15 

0.0043 

0.57 

0.013 

2.53 

Ethyl  Alcohol 

15 

0.0150 

0.52 

0.045 

2.54 

Glycerol  (21%) 

15 

0.0075 

0.59 

0.021 

1.91 

Glycerol  (42%) 

17 

0.0161 

0.57 

0.045 

1.87 

Glycerol  (63%) 

15 

0.0427 

0.54 

0.130 

2.21 

"Result  based  on  the  properties  of  the  bag  during  the  bag  breakup  period  for  the  test 
conditions  summarized  in  Table  1 

bGlycerol  compositions  given  in  parentheses  are  percent  glycerin  (by  mass)  in  water 
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Table  4  Summary  of  properties  of  bag  during  bag  formation  period3 


Liquidb 

We 

t/t* 

o 

I 

“A 

Vt* 

Water 

15 

2.0-3. 5 

0.01 

0.266 

1.36 

Glycerol  (21%) 

15 

3. 0-3. 5 

0.01 

0.288 

1.16 

Glycerol  (42%) 

17 

3.0-3. 5 

0.01 

0.324 

0.92 

Glycerol  (63%) 

15 

3.0-3. 5 

0.01 

0.317 

0.96 

‘Result  based  on  the  properties  of  the  bag  during  the  bag  breakup  period  for  the  test 
conditions  summarized  in  Table  1 

bGlycerol  compositions  given  in  parentheses  are  percent  glycerin  (by  mass)  in  water 
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Table  5  Summary  of  SMD  after  bag  breakup3 


Liquidb 

We 

Oh 

SMD^/do 

dtrd/cl0 

dM/d0 

Water 

15 

0.0043 

0.34 

0.30 

0.035 

Ethyl  alcohol 

15 

0.015 

0.32 

0.30 

— 

Glycerol  (21%) 

15 

0.0075 

0.41 

0.30 

0.038 

Glycerol  (42%) 

17 

0.016 

0.37 

0.30 

0.040 

Glycerol  (63%) 

15 

0.042 

0.38 

0.30 

0.041 

averages^ 

0.36 

0.30 

0.041 

“Result  based  on  the  properties  of  the  bag  during  the  bag  breakup  period  for  the  test 
conditions  summarized  in  Table  1 

bGlycerol  compositions  given  in  parentheses  are  percent  glycerin  (by  mass)  in  water 
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Figure  1. 

Figure  2. 
Figure  3. 
Figure  4. 
Figure  5. 

Figure  6. 

Figure  7. 
Figure  8. 

Figure  9. 


List  of  Figures 

Parent  drop  characteristic  diameter  as  a  function  of  time  during  bag  breakup. 
Note  that  the  shock  wave  has  passed  from  left  to  right  in  the  inset 
photographs. 

Parent  drop  velocity  as  a  function  of  time  during  bag  breakup. 

Parent  drop  drag  coefficient  as  a  function  of  time  during  bag  breakup. 

Ring  tube  diameter  as  a  function  of  time  during  bag  breakup. 

Drop  size  distributions  of  drops  formed  from  breakup  of  the  bag  itself 
during  bag  breakup. 

Drop  size  distributions  of  drops  formed  from  both  the  bag  and  the  basal  ring 
during  the  entire  bag  breakup  process. 

Correlation  of  the  SMD  after  the  entire  bag  breakup  process. 

Cumulative  removed  volume  percentage  of  liquid  from  the  parent  drop  as  a 
function  of  time  during  bag  breakup. 

Streamwise  positions  of  the  parent  and  the  most  remote  drops  as  a  function 
of  time  during  bag  breakup. 
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Appendix  C:  Chen,  J.-H.,  Wu,  J.-S.  and  Faeth,  G.M.  (1998)  Turbulence 
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Turbulence  Generation  in  Homogeneous 
Particle-Laden  Flows 

J.-H.  Chen’,  J.-S.  Wuf  and  G.M.  Faeth* 

The  University  of  Michigan,  Ann  Arbor,  Michigan  48109-2140 

The  generation  of  turbulence  by  uniform  fluxes  of  monodisperse  spherical  particles  moving 
through  a  uniform  flowing  gas  was  studied  experimentally.  Phase  velocities,  moments, 
probability  density  functions  and  energy  spectra  were  measured  within  a  counterflowing 
particle/gas  wind  tunnel  using  phase-discriminating  laser  velocimetry.  Test  conditions 
included  particle  Reynolds  numbers  of  106-990,  particle  volume  fractions  less  than 
0.003%  and  direct  rates  of  dissipation  of  turbulence  by  particles  less  than  2%  with 
turbulence  generation  rates  sufficient  to  yield  relative  turbulence  intensities  in  the  range  0.2- 
5.0%.  Velocity  records  showed  that  the  flow  consisted  of  randomly-arriving  wake 
disturbances  within  an  inter-wake  turbulence  field  and  that  the  particle  wake  properties 
corresponded  to  recent  observations  of  laminar-like  turbulent  wakes  for  spheres  at 
intermediate  Reynolds  numbers  in  turbulent  environments.  Probability  density  functions  of 
velocities  were  peaked  for  streamwise  velocities  due  to  contributions  from  mean 
streamwise  velocities  in  particle  wakes  but  were  Gaussian  for  crosstream  velocities  which 
only  involve  turbulence  contributions  from  the  wakes.  Relative  intensities  of  streamwise 
and  crosstream  velocity  fluctuations  were  roughly  correlated  in  terms  of  a  dimensionless 
rate  of  turbulence  dissipation  factor.  Finally,  energy  spectra  exhibited  prominent  -1  and  - 
5/3  power  decay  regions  associated  with  contributions  from  mean  velocities  in  particle 
wakes,  and  particle  and  inter-wake  turbulence,  respectively. 
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Nomenclature 

CD  =  sphere  drag  coefficient 

D  =  dissipation  factor,  edpCD1/3/(2 Up) 

dp  =  sphere  diameter 

Eu(k),Ev(k)  =  streamwise  and  crosstream  energy  spectra 
f  =  frequency 

k  =  wave  number,  27tf/u 


Lu  =  streamwise  integral  length  scale 

(.  k  =  Kolmogorov  length  scale 

£p  =  mean  particle  spacing 

n"  =  particle  number  flux 

Re  =  particle  Reynolds  number,  dpUp/v 

tK  =  Kolmogorov  time  scale 

Up  =  mean  streamwise  relative  velocity  of  particle 

u  =  streamwise  gas  velocity 

uK  =  Kolmogorov  velocity  scale 

v  =  crosstream  gas  velocity 

e  =  rate  of  dissipation  of  turbulence  kinetic  energy 


r.m.s.  fluctuating  value 
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Introduction 

A  study  of  the  modification  of  continuous-phase  turbulence  properties  due  to  the 
presence  and  motion  of  a  dispersed  phase  is  described.  Hinze1  identifies  several  turbulence 
modification  mechanisms  that  are  observed  in  dispersed  flows.  Of  these,  the  least 
understood  turbulence  modification  mechanisms  involve  direct  effects  of  dispersed  phases 
on  continuous-phase  turbulence  properties,  as  follows:  the  exchange  of  kinetic  energy 
between  the  dispersed  and  continuous  phases  as  the  dispersed-phase  motion  accommodates 
to  the  continuous-phase  motion,  denoted  turbulence  modulation,  which  generally  decreases 
turbulence  fluctuations;2-4  and  the  direct  disturbance  of  the  continuous-phase  velocity  field 
by  particle  wakes,  denoted  turbulence  generation,  which  generally  increases  turbulence 
fluctuations.3-7  Evaluating  the  relative  magnitude  of  these  two  effects  to  determine  whether 
turbulence  modification  will  increase  or  decrease  turbulence  levels  has  been  addressed  by  a 
number  of  investigations.2,8-11  These  studies  generally  show  that  turbulence  generation 
(modulation)  dominates  effects  of  turbulence  modification,  tending  to  increase  (reduce) 
turbulence  levels,  when  dispersed-phase  elements  have  large  (small)  relaxation  times 
compared  to  characteristic  turbulence  time  scales.  As  a  result,  turbulence  generation  tends 
to  dominate  turbulence  modification  in  many  practical  dispersed  flows  having  significant 
separated-flow  effects,  such  as  sprays,  particle-laden  jets,  bubbly  jets  and  rainstorms, 
among  others.  Thus,  the  present  study  addresses  turbulence  generation  in  view  of  its 
importance  to  practical  applications. 

Past  studies  of  turbulence  generation  have  considered  dilute  dispersed  flows  in  both 
shear  flow3-5,11  and  homogeneous  flow6,7,12  configurations;  however,  the  latter  offer  a 
convenient  experimental  configuration  because  they  avoid  problems  of  separating  effects  of 
turbulence  generation  from  mechanisms  of  continuous-phase  turbulence  production  in 
shear  flows.  One  of  the  first  studies  along  these  lines  was  Lance  and  Bataille  12  who 
considered  homogeneous  air/water  bubbly  flows  downstream  of  a  turbulence-generating 
grid.  Effects  of  turbulence  generation  caused  a  progressive  increase  of  continuous-phase 
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turbulence  levels  with  increasing  void  fractions;  unfortunately,  these  results  still  are 
difficult  to  interpret  due  to  combined  effects  of  bubble-  and  grid-generated  turbulence. 

Earlier  studies  treating  homogeneous  flows  where  turbulence  generation  was  the 
only  mechanism  of  turbulence  production  considered  uniform  number  fluxes  of  nearly 
monodisperse  beads  falling  at  their  terminal  velocities  in  nearly  stagnant  (in  the  mean) 
water  and  air.6-7  Measurements  included  phase  velocities  and  turbulence  properties  for 
various  particle  number  fluxes.  Particle  sizes  were  selected  to  yield  intermediate  Reynolds 
number  conditions  (Re  of  100-800)  that  are  typically  encountered  for  practical  dispersed 
turbulent  flows.  The  flows  were  analyzed  using  a  simplified  stochastic  method  involving 
superposition  of  randomly-arriving  particle  velocity  fields,  by  extending  the  method  Rice13 
used  to  analyze  noise.  The  stochastic  approach  provided  some  useful  interpretations  of 
flow  properties,  however,  the  analysis  was  problematical  because  information  about 
particle  wakes  at  intermediate  Reynolds  numbers,  particularly  in  turbulent  environments 
typical  of  homogenous  dispersed  flows,  was  limited.  Thus,  it  was  necessary  to  estimate 
wake  properties  by  extrapolating  available  results  at  large  Reynolds  numbers  in 
nonturbulent  environments,  which  is  questionable  and  caused  convergence  problems  of  the 
Rice13  approach  similar  to  those  encountered  during  stochastic  analysis  of  sedimentation.14 
Other  questions  about  approximate  analysis  concerned  the  extent  that  particle  wakes 
interacted  with  each  other  and  the  nature  of  the  flow  field  between  wakes  (the  inter-wake 
region)  if  water-wake  interactions  were  small.  These  studies  were  also  problematical 
because  the  nearly  stagnant  (in  the  mean)  continuous  phases  caused  significant 
experimental  uncertainties  due  to  the  resulting  very  large  turbulence  intensities  (up  to 
1000%)  along  with  problems  of  buoyant  disturbances. 

Related  work  involved  studies  of  sphere  wakes  at  intermediate  Reynolds  numbers 
in  both  nonturbulent  and  turbulent  environments  in  order  to  provide  information  needed  to 
better  understand  turbulence  generation.14'16  Wakes  in  nonturbulent  environments  yielded 
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anticipated  behavior  for  self-preserving  turbulent  and  laminar  wakes,18,19  with  transition 
between  these  flows  at  wake  Reynolds  numbers  on  the  order  of  unity.15  Findings  more 
relevant  to  turbulence  generation  involved  sphere  wakes  at  intermediate  Reynolds  numbers 
in  turbulent  (roughly  isotropic)  environments  which  showed  that  these  wakes  scaled  in  the 
same  manner  as  self-preserving  laminar  wakes  but  with  significantly  enhanced  viscosities 
due  to  the  presence  of  turbulence  (termed  “laminar-like  turbulent  wakes”).16,17  Naturally, 
the  properties  of  laminar-like  turbulent  wakes  differed  considerably  from  the  wake 
properties  assumed  in  the  earlier  turbulence  generation  studies.6,7  In  addition,  estimates  of 
flow  properties  suggested  that  the  probability  of  direct  wake-to-wake  interactions  was 
small,  instead,  it  was  likely  that  wake  disturbances  were  imbedded  in  relatively  large  inter- 
wake  turbulent  regions.  A  concern  about  this  behavior,  however,  was  whether  laminar-like 
turbulent  wakes  were  actually  observed  during  turbulence  generation  processes  because 
such  turbulence  fields  have  rather  different  properties  from  the  conventional  isotropic 
turbulence  that  was  considered  during  the  wake  studies  of  Refs.  16  and  17. 

In  summary,  review  of  past  work  has  highlighted  deficiencies  of  past  studies  of 
turbulence  generation,  even  for  the  relatively  simple  and  fundamental  homogenous 
dispersed-flow  configuration.  In  particular,  were  wake  disturbances  during  turbulence 
generation  equivalent  to  the  laminar-like  turbulent  wakes  observed  in  Refs.  16  and  17,  does 
the  flow  involve  wake  disturbances  imbedded  in  an  inter-wake  region  or  does  it  involve 
strongly  interacting  wakes,  and  can  turbulence  generation  properties  measured  at  large 
turbulence  intensities  be  confirmed  for  moderate  turbulence  intensities  where  experimental 
uncertainties  are  much  reduced?  These  issues  were  addressed  during  the  present 
investigation  which  had  the  following  specific  objectives:  (1)  to  complete  new 
measurements  of  stationary  homogenous  dispersed  flows  involving  nearly  monodisperse 
spherical  solid  (glass)  particles  at  intermediate  Reynolds  numbers  in  air,  using  a 
counterflow  particle/air  wind  tunnel,  (2)  to  use  the  measurements  to  determine  the  nature 
of  wake  disturbances  and  wake-to-wake  interactions  during  turbulence  generation,  and  (3) 
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to  use  the  measurements  to  highlight  differences  between  turbulence  fields  associated  with 
turbulence  generation  and  more  conventional  turbulence. 

In  the  following,  experimental  methods  are  described  first.  Results  are  then 
considered,  treating  apparatus  evaluation,  particle  wake  properties  and  continuous-phase 
properties  (probability  density  functions,  velocity  fluctuations  and  energy  spectra),  in  turn. 
The  article  ends  with  a  summary  of  the  major  conclusions  of  the  study. 

Experimental  Methods 

Apparatus 

The  apparatus  consisted  of  a  vertical  counterflow  wind  tunnel  with  upflowing  air 
moving  toward  the  suction  side  of  a  blower  and  freely-falling  particles  introduced  at  the  top 
of  the  apparatus  using  a  particle  feeder,  see  the  sketch  of  the  arrangement  in  Fig.  1.  The  air 
flow  system  consisted  of  a  rounded  inlet,  a  honeycomb  flow  straightener  (10  mm 

hexagonal  cells  76  mm  long)  and  a  16:1  contraction  ratio  to  the  305  x  305  mm  crossection 

windowed  test  section.  The  particle  dispersion  section  was  located  just  above  the  test 
section.  The  upper  part  of  the  particle  dispersion  section  involved  9  equally  spaced  screens 
(square  pattern  with  0.9  mm  diameter  wires  spaced  4.2  mm  apart)  to  disperse  the  particles 
and  achieve  a  uniform  particle  flux.  This  was  followed  by  a  honeycomb  flow  straightener 
(10  mm  hexagonal  cells  76  mm  long)  to  remove  lateral  particle  motion  caused  by  the 
screens.  The  particle  inlet  section  and  the  transition  section  to  the  blower  were  at  the  upper 
end  of  the  wind  tunnel.  The  wind  tunnel  air  flow  was  provided  by  a  single  inlet  variable 
spaced  blower  having  a  SCR  speed  controller. 

The  particle  flow  was  provided  by  a  variable-speed  screw  feeder  (Accurate, 
Model  310/04).  After  passing  through  the  wind  tunnel,  the  particles  impacted  on  a  plastic 
sheet  within  a  particle  collector.  Microscope  inspection  showed  that  the  particles  were  not 
damaged  by  passing  through  the  wind  tunnel;  therefore,  they  were  reused. 
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Instrumentation 

Measurements  included  particle  number  fluxes  and  gas  and  particle  velocities. 
Particle  number  fluxes  were  measured  by  collecting  particles  in  a  thin-walled  cylindrical 
container  having  a  25  mm  diameter  that  was  closed  at  the  bottom.  The  container  was 
mounted  on  a  rod  so  that  it  could  be  traversed  across  the  test  section.  The  accuracy  of  these 
measurements  was  dominated  by  finite  sampling  times  which  were  selected  to  keep 
experimental  uncertainties  (95%  confidence)  less  than  10%. 

Gas  and  particle  velocities  were  measured  using  a  traversible  (5  pm  accuracy)  laser 

velocimetry  (LV)  system.  The  LV  was  based  on  the  514.5  nm  line  of  an  argon- ion  laser 
having  an  optical  power  of  1900  mW.  A  single-channel  dual-beam,  forward-scatter, 
frequency-shifted  LV  arrangement  was  used,  finding  streamwise  and  crosstream  velocities 
by  rotating  the  optics  accordingly.  For  gas  velocities,  the  sending  optics  included  a  3.75:1 

beam  expander  to  yield  a  measuring  volume  diameter  and  length  of  55  and  425  pm, 

respectively.  Due  to  the  small  measuring  volume  the  frequency  of  test  particles  passing 
through  the  measuring  volume  was  small;  the  few  that  were  observed  were  readily  detected 
and  eliminated  from  the  sample  due  to  their  large  signal  amplitudes  and  relatively  fixed 

velocities.  The  air  flow  entering  the  wind  tunnel  was  seeded  with  oil  drops  having  a  1  pm 

nominal  diameter.  Velocities  were  found  from  the  low-pass  filtered  analog  output  of  a 
burst-counter  signal  processor.  The  combination  of  frequency  shifting  plus  a  constant 
sampling  rate  of  the  analog  output  of  the  signal  processor  eliminated  effects  of  directional 
bias  and  ambiguity  as  well  as  velocity  bias.  Sampling  periods  were  adjusted  to  provide  the 
following  experimental  uncertainties  (95%  confidence):  mean  velocities  less  than  2%,  rms 
velocity  fluctuations  less  than  10%,  probability  density  functions  (PDF’s)  within  one 
standard  deviation  of  the  most  probable  velocity  less  than  10%  and  temporal  power  spectral 
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densities  less  than  20%  (at  frequencies  smaller  than  the  reciprocal  of  the  temporal  integral 
scale  with  uncertainties  smaller  elsewhere). 

Particle  velocity  measurements  were  made  with  the  same  LV  arrangement  as  the  gas 
velocities  except  that  the  optics  were  changed  to  provide  a  larger  measuring  volume  having 
a  diameter  of  1.5  mm  and  a  length  of  10  mm.  This  provided  a  reasonable  sampling  rate  of 
particle  velocities.  Optics  were  rotated  to  measure  streamwise  and  crosstream  velocities. 
The  gas  was  not  seeded  for  the  particle  velocity  measurements  and  the  large  amplitude 
signals  from  particles  were  easily  separated  from  background  signals  due  to  dust  in  the  air. 
Sampling  periods  were  adjusted  to  provide  experimental  uncertainties  less  than  5%  for 
streamwise  mean  velocities  and  less  than  10%  for  rms  streamwise  and  crosstream  velocity 
fluctuations.  Mean  cross  stream  velocides  were  nearly  zero  and  only  were  an  order  of 
magnitude  accurate  due  to  their  small  magnitudes. 

Test  Conditions 

Test  conditions  are  summarized  in  Table  1.  The  panicles  were  nearly  monodisperse 
with  Reynolds  numbers  were  in  the  range  106-990,  which  is  representative  of  the 
intermediate  Reynolds  number  conditions  of  drops  in  sprays.15  Terminal  velocities  and 
drag  coefficients  were  measured,  yielding  values  that  agreed  with  the  standard  drag  curve 
for  spheres  due  to  Putnam20  within  15%.  Test  conditions  were  adjusted  so  that  turbulence 
intensities  relative  to  the  mean  gas  velocity  were  less  than  15%  so  that  LV  measuring 
conditions  were  excellent.  The  particles  approached  but  did  not  reach  terminal  velocity 
conditions  during  the  present  turbulence  generation  measurements  while  mean  crosstream 
particle  velocities  were  small.  Particle  velocity  fluctuations  were  small  due  to  their  poor 
response  to  air  motion  and  were  mainly  caused  by  variations  of  particle  sizes. 

Assuming  that  the  particles  are  falling  randomly,  the  mean  particle  spacing  can  be 
found  from 
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=  «Up-  U )/h"),/3  (1) 

which  yields  values  of  13-208  mm,  and  particle  volume  fractions  less  than  0.003%,  for  the 
present  experiments.  The  direct  dissipation  of  turbulence  kinetic  energy  (dissipation)  by 
particles  is  less  than  2%  for  present  test  conditions.  Thus,  dissipation  can  be  equated  to  the 
rate  of  turbulence  generation  by  particles,  which  in  turn  is  equal  to  the  rate  of  transfer  of 
mechanical  energy  to  the  gas  as  the  particles  move  through  the  flow,  i.e., 

e  =  7ih"dp2CDUp2/8  (2) 

Given  £,  the  Kolmogorov  scales  can  be  computed  from  their  definitions,19  yielding  the 

ranges  summarized  in  the  table.  Relative  turbulence  intensities  due  to  turbulence  generation 
were  in  the  range  0.2-5.0%. 


Results  and  Discussion 

Apparatus  Evaluation 

The  apparatus  was  evaluated  to  determine  whether  the  dispersed-and  continuous- 
phase  flows  where  properly  stationary  and  homogeneous,  and  that  velocity  fluctuations 
were  due  to  effects  of  turbulence  generation  rather  than  disturbances  of  the  wind  tunnel 
flow.  The  temporal  and  spatial  uniformity  of  the  particle  flows  were  evaluated  by 
traversing  the  sampling  probe  along  the  two  perpendicular  axes  of  symmetry  at  the  lowest 
crossection  where  measurements  were  made.  These  measurements  were  carried  out  for  all 
three  particle  sizes  considered,  spanning  the  ranges  of  particle  fluxes  for  each  size. 
Samples  obtained  from  multiples  of  the  shortest  sampling  period  showed  that  the  particle 
fluxes  were  statistically  stationary.  Finally,  the  sampling  measurements  showed  that  mean 

particle  fluxes  varied  less  than  10%  over  the  central  205  x  205  mm  crossection  of  the  flow 

where  velocity  measurements  were  made.  Mean  and  fluctuating  particle  velocities  were 
also  uniform  within  experimental  uncertainties  over  the  same  region.  Thus,  particle 
properties  were  properly  stationary  and  homogenous  for  present  test-conditions. 


9 


99 


The  properties  of  the  continuous  (gas)  phase  were  established  by  measurements  of 
mean  and  fluctuating  streamwise  velocities  over  the  central  205  x  205  mm  crossection  of 

the  flow,  considering  streamwise  distances  up  to  ±  100  mm  from  the  normal  crossection 

where  measurements  were  made.  The  results  of  these  measurements  did  not  vary 
significantly  with  upflow  velocities  in  the  range  500-1300  mm/s.  For  these  conditions,  gas 
flow  properties  were  statistically  stationary  and  homogeneous  within  experimental 
uncertainties. 

Measurements  of  streamwise  velocities  for  various  particle  sizes,  particle  fluxes  and 
upflow  velocities  were  also  used  to  establish  minimum  allowable  particle  fluxes.  In 
particular,  very  low  particle  fluxes  for  a  given  upflow  velocity  yielded  rather  large  relative 
turbulence  intensities  due  to  thermal  disturbances  associated  with  the  large  vertical  height  of 
the  apparatus.  Increasing  the  particle  flux,  however,  disrupted  the  thermal  disturbances 
and  caused  relative  turbulence  intensities  to  decrease  for  a  time  as  particle  fluxes  increased 
before  increasing  once  again  in  a  manner  similar  to  the  behavior  of  turbulence  generation 
seen  in  Refs.  6  and  7.  Thus,  present  measurements  were  only  undertaken  for  particle 
fluxes  somewhat  larger  than  the  minimum  relative  turbulence  intensity  condition.  Relative 
turbulence  intensities  at  low  particle  fluxes  were  also  affected  by  the  upflow  velocity.  An 
upflow  velocity  of  1.1  m/s  was  finally  selected  in  order  to  maximize  the  range  of  particle 
fluxes  that  could  be  considered  while  avoiding  the  excessive  particle  concentrations  in  the 
flow  that  are  observed  when  upflow  velocities  approach  the  terminal  velocity  of  the 
particles,  see  Eq.  (1). 

Particle  Wake  Properties 

Given  satisfactory  evaluation  of  the  apparatus,  the  experiments  turned  to 
observation  of  flow  velocities  for  various  particle  sizes  and. fluxes.  The  objectives  of  these 
measurements  were  to  identify  the  direct  contributions  of  particle  wakes  to  gas-phase  flow 
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properties,  and  to  assess  whether  velocity  distributions  within  these  wakes  were  similar  to 
the  past  observations  of  laminar-like  turbulent  wakes  within  isotropic  turbulence  observed 
in  Refs.  16  and  17. 

Typical  temporal  records  of  present  streamwise  and  crosstream  gas  velocities  are 
illustrated  in  Fig.  2.  When  interpreting  this  data,  it  should  be  recalled  that  streamwise  and 
crosstream  gas  velocities  were  observed  at  different  times  and  there  is  no  correlation 
between  the  two  records.  Results  are  shown  for  0.5  mm  particles  at  low  and  high  particle 
loadings,  characterized  by  both  the  dimensionless  dissipation  factor  of  Refs.  6  and  7  and 
the  particle  flux.  The  most  obvious  features  of  the  velocity  signals  are  that  the  streamwise 
velocities  exhibit  large  negative  spikes,  with  spike  frequencies  increasing  with  increasing 
with  particle  loading,  whereas  crosstream  velocities  exhibit  no  spikes  and  are  similar  to 
streamwise  velocities  in  the  time  interval  between  spikes.  This  behavior  is  consistent  with 
the  spikes  being  velocity  disturbances  of  particle  wakes  at  this  particle  Reynolds  number. 
Naturally,  increasing  numbers  of  spikes  with  increasing  particle  fluxes  is  an  obvious 
property  that  should  be  satisfied  by  particle  wake  disturbances.  In  addition,  the  maximum 
velocity  disturbances  of  the  spikes  were  comparable  to  relative  particle  velocities  within 
experimental  uncertainties.  The  presence  of  spikes  in  only  the  streamwise  velocity  record  is 
also  consistent  with  known  particle  wake  properties  at  these  conditions.  In  particular, 
mean  crosstream  velocities  are  always  small  compared  with  both  mean  streamwise 
velocities  and  rms  velocity  fluctuations  of  laminar-like  turbulent  wakes  also  are  small  at  Re 
—  106,  see  Refs.  16  and  17.  Thus,  velocity  disturbances  due  to  particle  wakes  should 
limited  to  the  streamwise  direction,  for  the  conditions  of  Fig.  2,  if  these  disturbances 
behave  similar  to  laminar-like  turbulent  wakes. 

Additional  temporal  records  of  present  streamwise  and  crosstream  gas  velocities  are 
illustrated  in  Fig.  3,  considering  mid-range  particle  loadings  for  all  three  particle  sizes. 
Similar  to  the  results  of  Fig.  2,  relatively  large  negative' spikes  associated  with  wake 
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velocity  disturbances  are  observed  on  the  streamwise  velocity  records  while  corresponding 
spikes  are  not  observed  on  the  crosstream  velocity  for  the  0.5  mm  particles  which  have  Re 
-  106.  On  the  other  hand,  an  interesting  property  of  the  crosstream  velocity  records  is  that 
spikes  having  both  positive  and  negative  velocity  disturbances  are  observed  on  the 
crosstream  velocity  records  for  the  1.1  and  2.2  mm  particles  that  have  Re  =  373  and  990, 
respectively.  This  behavior,  however,  is  exactly  what  should  be  observed  based  on 
observations  of  the  behavior  of  laminar-like  turbulent  wakes  in  Refs.  16  and  17.  In 
particular,  while  crosstream  turbulent  velocity  fluctuations  are  absent  at  small  Reynolds 
numbers,  eddy  shedding  occurs  for  Re  >  300  and  this  is  accompanied  by  crosstream 
turbulent  velocity  fluctuations.  This  behavior  accounts  for  the  observations  seen  in  Fig.  3 
and  strongly  suggests  that  the  wake  properties  observed  during  the  present  turbulence 
generation  experiments  are  similar  to  the  past  observations  of  laminar-like  turbulent  wakes 
of  Refs.  16  and  17. 


A  final  assessment  of*  the  similarities  between  the  wake  disturbances  observed 
during  the  present  turbulence  generation  studies  and  the  laminar-like  turbulent  wakes 
observed  in  Refs.  16  and  17  involved  direct  comparison  of  mean  streamwise  velocities. 
This  comparison  was  earned  out  for  all  three  particle  sizes  at  relatively  large  particle 
loadings  so  that  representative  samples  of  particle  wakes  could  be  observed  in  reasonable 
test  times.  Measurements  were  made  for  various  maximum  velocity  defects,  which 
represent  results  for  paths  of  the  LV  measuring  volume  at  various  radial  distances  from  the 
wake  axis.  Effects  of  turbulence  were  handled  by  averaging  several  velocity  records  to 
obtain  an  estimate  of  mean  streamwise  wake  velocities  (the  averaging  criterion  was  an 
experimental  uncertainties  (95%  confidence)  of  the  maximum  mean  velocity  defect  less  than 
10%).  Predictions  assuming  vertical  wake  axes  (which  is  reasonable  based  on  the  particle 
velocity  measurements),  and  having  the  same  maximum  mean  velocity  defects,  were 
obtained  from  the  correlations  for  the  mean  properties  of  laminar-like  turbulent  wakes  of 
Refs.  16  and  17  (at  the  same  particle  Reynolds  number  and  relative  turbulence  intensity). 
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The  resulting  measured  and  predicted  mean  streamwise  velocities  in  the  particle 
wakes  are  illustrated  in  Fig.  4.  These  results  involve  plots  of  normalized  streamwise 
velocities  as  a  function  of  time  for  various  particle  diameters  and  maximum  velocity 
defects.  Results  for  0.5  mm  particles  are  relatively  comprehensive  and  involve 
dimensionless  velocity  defects  in  the  range  0.20-0.80  because  sampling  rates  were 
relatively  large  for  these  small  particles.  Results  for  particle  diameters  of  1.1  and  2.2  mm 
are  limited  to  a  single  velocity  defect  (representative  of  the  outer  edge  of  the  wakes)  in 
order  to  obtain  reasonable  sampling  rates  for  these  small  particle  flux  conditions.  It  is 
evident  that  the  agreement  between  measurements  and  predictions  is  excellent  in  Fig.  4, 
which  supports  the  use  of  the  laminar-like  turbulent  wake  properties  of  Refs.  16  and  17  to 
help  interpret  present  observations  of  turbulence  generation. 

Based  on  the  previous  findings,  it  seems  reasonable  to  assume  that  the  present 
wake  disturbances  are  similar  to  the  laminar-like  turbulent  wakes  described  in  Refs.  16  and 
17.  This  information  was  then  used  to  estimate  of  proportions  of  the  wake  and  inter-wake 
regions  as  well  as  the  extent  of  direct  wake/wake  interactions.  This  was  done  by  carrying 
out  stochastic  simulations  to  find  realizations  of  particle  positions  in  space  for  various 
particle  fluxes  and  the  three  particle  sizes.  This  was  done  by  random  selections  in  three 
dimensions  while  accounting  for  the  slight  compression  particle  spacing  in  the  vertical 
direction  due  to  gas  upflow  as  discussed  in  connection  with  Eq.  (1).  Appropriate  laminar- 
like  turbulent  wakes  were  then  associated  with  each  particle,  assuming  that  wake  radii  were 
equal  to  twice  the  characteristic  wake  width  at  each  streamwise  distance  behind  the  particle 
and  that  the  wake  extended  in  the  streamwise  direction  until  the  maximum  mean  velocity 
defect  was  equal  to  the  ambient  rms  streamwise  velocity  fluctuations.  These  results 
indicated  that  wake  crossectional  areas  generally  were  less  than  30%  of  the  available 
crossectional  area,  and  that  less  than  25%  of  the  wakes  experienced  wake/wake  interactions 
at  any  one  time  (with  these  interactions  mainly  confined  to  conditions  far  from  both 
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particles)  over  the  present  test  range.  Thus,  the  present  flows  involve  laminar-like  turbulent 
wakes  surrounded  by  a  relatively  large  inter-wake  turbulence  region,  with  occasional 
wake/wake  interactions.  This  view  agrees  with  the  velocity  traces  of  Figs.  2  and  3,  if  it 
recognized  that  only  a  relatively  small  portion  of  each  wake  can  generate  the  large  velocity 
spikes  seen  on  these  plots.  Further  evidence  of  combined  effects  of  the  wake  and  inter¬ 
wake  regions  on  overall  flow  properties  will  be  sought  from  consideration  of  probability 
density  functions  and  spectra  in  the  following. 

Probability  Density  Functions 

More  insight  about  the  effect  of  particle  wake  disturbances  on  the  total  turbulence 
properties  of  homogeneous  dispersed  flows  dominated  by  turbulence  generation  can  be 
obtained  from  the  PDF’s  of  velocity  fluctuations.  Typical  results  along  these  lines  are 
presented  in  Figs.  5  and  6  for  2.2  and  0.5  mm  particles,  respectively,  which  bound  results 
for  1.1  mm  particles.  On  each  of  these  plots,  PDF’s  are  shown  for  streamwise  and 
crosstream  velocities  at  the  low  and  high  particle  loadings  specified  by  dissipation  factor 
values.  Fits  of  the  measurements  are  also  shown  on  the  plots,  corresponding  to  least- 
squares  sectional  fits  for  the  PDF(u)  and  best  Gaussian  fits  for  the  PDF(v). 

The  present  PDF’s  plotted  in  Figs.  5  and  6  do  not  agree  with  earlier  observations  of 
Refs.  6  and  7  for  dispersed  flows  in  stagnant  baths,  which  yielded  Gaussian  PDF’s  for 
both  velocity  components,  with  at  most  a  slight  upward  bias  (roughly  10%  when  averaged 
over  all  test  conditions)  of  the  PDF(u)  near  its  most  probable  value.  This  behavior  agrees 
with  present  behavior  of  PDF(v),  which  is  nicely  fitted  by  Gaussian  PDF’s  for  both 
loadings  of  all  particle  sizes.  In  contrast,  the  present  PDF(u)  are  more  peaked  and 
somewhat  skewed  toward  negative  velocities  compared  to  the  mean  velocity,  i.e.,  the 
PDF(u)  exhibit  greater  kurtosis  and  skewness  than  the  nearly  Gaussian  PDF(v).19  In 
addition,  the  PDF(u)  for  each  particle  size  tends  to  be  independent  of  particle  loading, 
similar  to  PDF(v),  but  the  PDF(u)  becomes  progressively  more  peaked  (or  has 
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progressively  increasing  kurtosis)  as  the  particle  size  (or  Re)  decreases.  All  these 
characteristics  can  be  explained  from  the  properties  of  the  streamwise  and  crosstream 
velocity  records  (and  the  spike  disturbances  due  to  particle  wakes  seen  in  the  velocity 
records)  of  Figs.  2-4,  as  discussed  next. 

The  main  reason  for  the  different  PDF(u)  of  Refs.  6  and  7  and  the  present  study 
follows  from  the  much  improved  laser  velocimetry  conditions  of  the  present  study  which 
allowed  the  near  wake  region  of  the  spike  disturbances  due  to  particle  wakes  seen  in  Fig.  4 
to  be  resolved  for  the  streamwise  velocity  records.  This  point  was  easily  demonstrated 
during  the  present  experiments  by  reducing  seeding  levels  so  that  the  spikes  seen  in  Figs.  2 
and  3  were  rarely  resolved;  the  corresponding  PDF(u)  then  became  more  Gaussian  similar 
to  the  results  of  Refs.  6  and  7.  The  other  properties  of  PDF(u)  in  Figs.  5  and  6  then  follow 
from  the  well  known  effects  of  the  properties  of  the  velocity  signal  on  the  values  of  the 
skewness  and  kurtosis  of  the  PDF(u).  In  particular,  the  spikes  always  contribute  a 
streamwise  negative  velocity  signal  based  on  the  results  illustrated  in  Figs.  2  and  3;  this 
implies  a  corresponding  positive  bias  of  the  PDF(u),  or  negative  skewness,  based  on  the 
well  known  properties  of  PDF’s.19  The  more  rapid  reduction  of  streamwise  velocities  in 
the  radial  direction  for  small  dp  (or  Re)  conditions  (yielding  narrower  wake  disturbances) 
implies  a  more  peaked  PDF(u),  or  a  larger  kurtosis  of  the  PDF(u),  for  similar  reasons.19  In 
addition,  the  small  effect  of  particle  flux  on  the  PDF(u)  and  the  PDF(v)  is  consistent  with 
the  generally  observed  behavior  of  these  functions,  where  the  shape  of  the  velocity  signal 
as  a  function  of  time  affects  the  skewness  and  kurtosis  of  the  PDF  but  not  the  characteristic 
frequency  of  the  signal,19  e.g.,  homogeneous,  isotropic  dispersed  flows  have  Gaussian 
PDF’s  irrespective  of  their  characteristic  time  or  frequency  scales.  Finally,  either  the 
absence  of  discernible  spikes  for  the  crosstream  velocity  records  for  the  0.5  mm  particles, 
or  the  presence  of  both  positive  and  negative  spikes  due  to  wake  turbulence  for  the 
crosstream  velocity  records  for  the  2.2  mm  particles,  are  entirely  consistent  with  the 
Gaussian  behavior  of  the  PDF(v)  seen  in  Figs.  5  and  6.  Taken  together,  the  combined 
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findings  of  Figs.  2-6  suggest  that  both  particle  wake  disturbances  and  the  inter-wake 
region  provide  significant  contributions  to  the  overall  apparent  turbulence  properties  of  the 
present  turbulence  generated  flows. 

Velocity  Fluctuations 

The  measurements  of  velocity  fluctuations  in  Refs.  6  and  7  were  correlated  based 
on  an  approximate  stochastic  approach  assuming  that  velocity  fluctuations  were  entirely  due 
to  wake  disturbances.  This  approach  yielded  reasonably  effective  correlations  of  relative 
turbulence  intensities  of  streamwise  and  crosstream  velocity  fluctuations  in  terms  of  a 
dissipation  factor,  D,  resulting  from  the  approximate  stochastic  theory.  Recent  results, 
however,  suggest  more  complex  behavior,  involving  conditional  averages  over  wake  and 
inter-wake  regions  having  rather  different  properties.  Nevertheless,  the  correlation  of 
Refs.  6  and  7  will  be  considered  in  the  following  due  to  its  past  success. 

Measurements  of  streamwise  and  crosstream  relative  turbulence  intensities  are 
plotted  as  a  function  of  the  dissipation  factor  in  Fig.  7.  Measurements  shown  on  the  figure 
include  results  for  particles  in  still  (in  the  mean)  water  due  to  Parthasarathy  and  Faeth,6 
results  for  particles  in  still  (in  the  mean)  air  due  to  Mizukami  et  al.,7  and  the  present  results 
for  particles  in  counterflowing  air.  All  three  experiments  used  the  same  0.5,  1.1  and  2.2 
mm  spherical  glass  particles.  Correlations  in  terms  of  D1/2,  as  suggested  by  the  stochastic 
theory  of  Ref.  6,  are  fitted  to  the  combined  data  sets  for  each  velocity  component.  The 
correlations  are  seen  to  provide  only  fair  agreement  with  the  measurements.  This  is 
particularly  true  for  the  measurements  of  Mizukami  et  al.,7  which  exhibit  significant  scatter 
when  plotted  in  the  manner  of  Fig.  7.  The  results  suggest  some  relationship  between  the 
properties  of  the  wakes  and  the  inter-wake  region  but  clearly  a  correlation  solely  in  terms  of 
D  cannot  capture  features  such  as  the  onset  of  crosstream  wake  disturbances  for  Re  >  300 
seen  in  Fig.  3.  Thus,  the  correlations  illustrated  in  Fig.  7  are  only  tentative  pending  more 
information  about  flow  properties  in  the  inter-wake  region,  and  the  use  of  these  results  in  a 
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more  rational  conditional  averaging  procedure  to  summarize  the  properties  of  flows  caused 
by  turbulence  generation. 

Energy  Spectra 

Taylor’s  hypothesis  was  used  to  convert  measured  temporal  power  spectra  and 
temporal  integral  scales  into  energy  spectra  and  spatial  integral  scales.  The  resulting 
streamwise  and  crosstream  energy  spectra  are  plotted  as  functions  of  normalized  wave 
numbers  in  Figs.  8  and  9,  respectively.  Results  are  shown  for  various  particle  sizes  and 
fluxes,  with  the  latter  represented  by  values  of  the  dissipation  factor.  The  LV  conditions 
for  these  measurements  were  good  so  that  effects  of  step  noise  were  deferred  until 
Kolmogorov  wave  numbers  were  approached  (this  condition  is  roughly  shown  by  the  large 
wave  number  terminations  of  the  crosstream  energy  spectra  in  Fig.  9).  The  values  of  Lu  for 
the  measurements  were  found  by  setting  Eu(k)u/(  u'2Lu)  =  4  as  kLu  becomes  small,  as 
discussed  by  Hinze.21  Correlations  of  energy  spectra  for  isotropic  turbulence  are  also 
shown  on  the  plots,  for  comparison  with  the  present  measurements.  These  spectra 
represent  a  simplification  of  isotropic  turbulence  discussed  by  Hinze.2',  where  the  -5/3 
power  decay  in  the  inertial  range  is  approximated  by  a  -2  power  decay. 

The  energy  spectra  provide  reasonably  good  correlations  of  present  measurements 
as  plotted  in  Figs.  8  and  9.  The  upper  end  of  the  normalized  crosstream  energy  spectra 
illustrated  in  Fig.  9  is  more  scattered  than  the  rest.  This  behavior  is  caused  by  the  fact  that 
Ev(k)  reaches  a  maximum  at  a  finite  values  of  kLu  rather  than  reaching  a  maximum  as  kLu 
becomes  small  similar  to  Eu(k).  This  behavior  tends  to  broaden  the  data  band  of  Ev(k)  for 
various  test  conditions  in  the  region  where  this  function  reaches  maximum. 

An  interesting  feature  of  the  spectra  of  Figs.  8  and  9  is  that  they  decay  over  a  rather 
large  range  of  kLu  (roughly  four  decades)  even  though  present  particle  Reynolds  numbers 
are  not  large  (less  than  1000).  Much  of  this  behavior  is- typical  of  other  homogeneous 
turbulence  fields  where  disturbances  due  to  grids  (with  relatively  small  grid  element 
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Reynolds  numbers)  yield  turbulent  flows  having  extensive  inertial  ranges.4,19,21  Another 
feature  of  the  present  flows  enhances  this  behavior,  however,  as  pointed  out  in  earlier 
work.6,7  In  particular,  the  spectra  of  Figs.  8  and  9  include  contributions  from  both  particle 
wake  disturbances  and  the  inter-wake  region.  Then  since  the  wake  arrivals  are  random, 
mean  velocities  in  the  wakes  contribute  to  the  spectra  increasing  the  range  of  scales  that  are 
present.  Naturally,  similar  contributions  are  not  present  for  grid-generated  turbulence 
because  measurements  of  these  flows  are  made  well  downstream  of  the  region  of 
significant  direct  wake  disturbances  from  the  turbulence-generating  grid. 

The  energy  spectra  of  Figs.  8  and  9  also  provide  other  evidence  of  direct 
contribution  of  mean  velocities  in  wake  disturbances.  In  particular,  the  spectra  exhibit 
prominent  -1  and  -5/3  decay  regions  as  kLu  increases.  The  -1  power  decay  region  is  not 
seen  in  conventional  turbulent  flows  but  based  on  the  approximate  stochastic  analysis  of 
Ref.  6  such  behavior  is  typical  of  the  contribution  of  mean  velocities  in  wake  disturbances 
to  temporal  power  spectra  (and  thus  energy  spectra  under  present  approximations).  Other 
evidence  for  this  explanation  is  that  the  -1  decay  region  is  associated  with  values  of  kLu  on 
the  order  of  unity  which  is  characteristic  of  wake  dimensions.  Larger  wave  numbers  exhibit 
-5/3  power  decay  regions  which  are  representative  of  conventional  turbulence  and  probably 
involves  contributions  from  both  the  wake  disturbances  and  the  inter-wake  region  as 
discussed  earlier  in  connection  with  Figs.  2  and  3.  For  example,  crosstream  spectra  for  0.5 
mm  particles  do  not  exhibit  significant  wake  contributions  to  turbulence  so  that  the  large 
wave  number  portion  of  the  spectra  must  be  caused  by  the  inter-wake  region.  The 
crosstream  spectra  for  0.5  mm  particles  generally  decay  more  rapidly  than  the  rest  at  large 
wake  numbers  in  Fig.  9,  however,  which  can  be  explained  by  the  loss  of  the  direct 
contribution  from  wake  turbulence  to  the  overall  behavior  of  the  flow. 
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Conclusions 

This  investigation  considered  the  properties  of  homogeneous  turbulence  generated 
by  uniform  fluxes  of  monodisperse  spherical  particles  moving  through  air  at  standard 
temperature  and  pressure.  The  experimental  configuration  involved  particles  falling  in 
counterflowing  air  to  supplement  earlier  measurements  for  particles  falling  in  stagnant 
water.  Ref.  6,  and  stagnant  air,  Ref.  7.  Present  test  conditions  included:  particle  Reynolds 
numbers  of  106-990,  particle  volume  fractions  less  than  0.003%  and  direct  rates  of 
dissipation  of  turbulence  by  particles  less  than  2%,  with  particle  fluxes  sufficient  to  yield 
relative  turbulence  intensities  of  0.2-5%.  The  major  conclusions  of  the  study  are  as 
follows. 

1.  Measurements  of  gas  velocities  indicate  that  the  particle  wake  properties  of  the  present 
turbulence  generation  processes  correspond  to  the  laminar-like  turbulent  wakes 
observed  in  Refs.  16  and  17  for  spheres  similar  to  intermediate  Reynolds  numbers  in 
isotropic  turbulence. 

2.  Estimates  of  the  character  of  the  present  flows  based  on  the  properties  of  laminar-like 
turbulent  wakes  suggest  that  wake  disturbances  (generally  involving  crossectional 
areas  less  than  30%  of  the  total  available  crossectional  area)  are  embedded  in  a 
relatively  large  inter-wake  turbulent  region  with  relatively  few  (less  than  25%)  direct 
wake/wake  interactions,  with  the  latter  confined  to  regions  far  from  both  particles. 

3.  Present  measurements  of  relative  turbulence  intensities  were  in  fair  agreement  with 
earlier  measurements  of  turbulence  generation  in  still  liquids  and  gases  from  Refs.  6 
and  7,  and  all  these  measurements  could  be  correlated  in  terms  of  the  dissipation 
factor.  These  correlations  are  only  considered  tentative,  however,  pending 
development  of  a  more  rational  approach  that  properly  accounts  for  the  relative 
contributions  of  wake  disturbances  and  inter-wake  turbulent  regions  that 
fundamentally  have  very  different  flow  properties. 
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4.  Other  properties  measured  during  the  present  study,  probability  density  functions  and 
spectra,  were  not  in  good  agreement  with  the  earlier  observations  of  Refs.  6  and  7.  In 
particular,  present  observations  provided  direct  evidence  of  effects  of  both  wake 
disturbances  and  inter-wake  regions  (as  nonGaussian  PDF’s  and  prominent  -1  and  - 
5/3  decay  regions  of  energy  spectra)  that  were  either  absent  or  less  evident  during  the 
earlier  studies.  These  differences  were  shown  to  result  from  the  improved  LV 
measuring  conditions  of  the  present  study. 

5 .  Contributions  from  both  the  wake  disturbance  and  inter-wake  turbulent  regions  also 
were  responsible  for  the  surprisingly  large  range  of  scales  seen  in  the  present  flows  in 
spite  of  relatively  small  particle  Reynolds  numbers.  In  particular,  mean  velocities  in 
particle  wake  disturbances  contribute  to  present  apparent  turbulence  properties  because 
wake  arrivals  are  random  and  this  contribution  is  generally  not  present  in  turbulence 
generated  in  other  ways,  e.g.,  by  grids  or  shear  flows. 
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Table  1.  Summary  of  test  conditions2 


Nominal  Particle 
Diameter  (mm) 

0.5 

1.1 

2.2 

Up  (mm/s)1 

3370  (280) 

5530  (340) 

7000  (200) 

Re  (-)b 

106  (9) 

373  (23) 

990  (28) 

CD(-) 

1.22 

0.79 

0.54 

n"(kpart/m2s) 

71-950 

4-56 

0.5-10 

^p(mm) 

32-13 

97-41 

208-77 

£  (m2/s3) 

0.081-1.083 

0.032-0.42 

0.014-0.29 

4M 

0. 5-0.2 

0. 6-0.3 

0.7-0.4 

tK  (ms) 

14-4 

22-6 

33-8 

uK  (mm/s) 

34-66 

28-54 

21-44 

u7Up(%) 

0.5-5.0 

0.2-0.9 

0.2-0.8 

v7Up(%) 

0.5-1. 3 

0.2-1. 2 

0.2-0. 9 

“Round  glass  beads  (density  of  2500  kg/m3)  falling  in  upflowing  air  at  standard  temperature 
and  pressure  (air  density  of  1.16  kg/m3  and  kinematic  viscosity  of  15.9  mm/s)  having  a 
mean  velocity  of  1.1  m/s. 
bStandard  deviations  given  in  parentheses. 
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Appendix  D:  Wu,  P.-K.,  Hsiang,  L.-P.  and  Faeth,  G.M.  (1995)  Aerodynamic 
Effects  on  Primary  and  Secondary  Breakup.  Prog.  Astro.  Aero. 
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Chapter  9 


Aerodynamic  Effects  on  Primary  and  Secondary 
Spray  Breakup 

P.-K.  Wu,*  L.-P.  Hsiang,'  and  G.  M.  Faeth* 

University  of  Michigan,  Ann  Arbor,  Michigan  48109-2118 


Nomenclature 

a  =  drop  acceleration 

Co  =  drop  drag  coefficient 

Co  =  mean  drop  drag  coefficient  over  breakup  period 

C\  =  empirical  coefficient 

d  =  drop  or  injector  diameter 

dc  =  cross  stream  drop  diameter 

dcm2LX  =  maximum  cross  stream  drop  diameter 
==  ellipticity  of  drop 

£0  =  Eotvos  number,  apfd^/a  or  a\pf  —  pg\d2/a 

g  =  acceleration  of  gravity 

£  =  characteristic  eddy  size 

i k  =  Kolmogorov  length  scale  of  turbulence 

MMD  =  mass  median  drop  diameter 

Oh  =  Ohnesorge  number  of  a  drop,  M//(P/^o^)I/2 

Oh^  =  Ohnesorge  number  of  core  drop,  p>f/{Pfdi,a)x^ 

0/v  =  jet  Ohnesorge  number,  /z f/(pfda)x/2 

p  =  pressure 

=  Reynolds  number,  pgdu/pg 
Re fd  =  jet  Reynolds  number,  Hod / v f 
Re =  Reynolds  number,  u$ A/v / 
r  =  radial  distance 

SMD  =  Sauter  mean  diameter 

SMDp  =  Sauter  mean  diameter  after  primary  breakup  for  a  merged  primary 
breakup 
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t  =  time 

t *  =  characteristic  breakup  time,  do(P//p*)1/2/wo 

u  =  streamwise  relative  velocity 
u!  =  streamwise  absolute  velocity 
up  =  streamwise  drop  velocity 
v  =  radial  velocity 

Vi  =  radial  velocity  associated  with  eddy  of  size  i 

vp  =  radial  drop  velocity 

We  =  initial  Weber  number  of  drop,  pgd§u\jo 

WeCT  =  Weber  number  of  core  drop,  pgdb(u'Q  —  ub)2/a 

We jd  =  jet  Weber  number,  p fdul/a 

Wegd  =  jet  Weber  number,  pgdu\jo 

x  a=  streamwise  distance 

8  =  liquid  boundary-layer  thickness 

A  as  radial  integral  length  scale 

li  s=  molecular  viscosity 

v  =  kinematic  viscosity 

p  =  density 

cr  as  surface  tension 

=  characteristic  secondary  breakup  time,  (pf/pg)l/2SMD/uo 
r*  =  characteristic  Rayleigh  breakup  time,  (p fSMD 3 /cr) 1/2 

Subscripts  and  Superscripts 

b  =  property  at  end  of  breakup 

cr  =  critical  conditions  for  onset  and  end  of  breakup 

/  =  liquid-phase  property 

g  =  gas-phase  property 

i  =  at  point  of  breakup  initiation 

o  =  initial  condition 

O  =  time-averaged  mean  property 

O  ==  mass-averaged  mean  property 

CY  =  time- averaged  rms  fluctuating  property 


I.  Introduction 

PRIMARY  and  secondary  breakup  are  important  classical  multiphase  flow 
problems  that  have  motivated  numerous  past  studies.  Primary  breakup  in¬ 
volves  the  initial  formation  of  drops  and  other  liquid  fragments  at  the  surface  of 
a  liquid.  Primary  breakup  is  important  because  it  controls  the  initial  dispersion  of 
liquid  into  the  gas  phase  and,  through  the  strong  effect  of  drop  sizes  on  interphase 
transport  rates,  the  subsequent  mixing  properties  of  sprays.  Secondary  breakup 
involves  any  subsequent  breakup  of  drops  or  liquid  fragments  present  as  dispersed 
liquids.  Secondary  breakup  is  important  because  drops  after  primary  breakup  are 
intrinsically  unstable  to  secondary  breakup,  which  affects  subsequent  mixing  rates 
by  influencing  drop  sizes  as  well.  In  addition,  effects  of  liquid  heating  or  accel¬ 
eration  of  the  gas  phase  can  lead  to  conditions  where  drops  undergo  secondary 
breakup.  In  spite  of  their  importance,  however,  current  understanding  of  primary 
and  secondary  breakup  is  limited  due  to  problems  of  making  measurements  within 


126 


AERODYNAMIC  EFFECTS  ON  SPRAY  BREAKUP  249 

dense  dispersions  of  drops.  In  particular,  measurements  of  primary  breakup  in¬ 
volve  observations  near  an  undulating  liquid  surface  having  protruding  ligaments, 
and  frequently  generating  irregular  liquid  fragments,  which  prevents  the  use  of 
methods  convenient  for  spherical  drop  fields  such  as  Fraunhofer  diffraction  and 
phase  Doppler  anemometry.1,2  Additionally,  secondary  breakup  involves  the  in¬ 
dividual  drop  generating  a  relatively  localized  drop  field  that  is  not  convenient 
to  characterize  using  line-of-sight  or  single-point  measurements.  Recent  devel¬ 
opment  of  pulsed  holography  techniques  for  measurements  within  dense  sprays, 
however,  has  provided  an  alternative  experimental  approach  that  has  removed 
some  of  the  experimental  limitations.1,2  Thus,  the  objective  of  this  chapter  is  to 
briefly  describe  what  has  been  learned  about  primary  and  secondary  breakup  using 
pulsed  holography  thus  far  and  to  highlight  aspects  of  these  phenomena  that  merit 
more  attention  in  the  future. 

Hanje  and  Reardon3  review  early  work  on  primary  and  secondary  breakup  as 
related  to  the  problem  of  liquid  rocket  engine  combustion  and  combustion  insta¬ 
bility.  Other  more  general  reviews  of  aspects  of  liquid  atomization  processes  are 
available  as  well.*’'9  This  chapter  will  focus  specifically  on  the  properties  of  pri¬ 
mary  and  secondary  breakup  disclosed  by  pulsed  holography  measurements  that 
are  not  treated  in  these  earlier  reviews.  The  studies  of  primary  breakup  focused  on 
breakup  along  the  surfaces  of  round  liquid  jets  in  still  gases,  whereas  the  studies 
of  secondary  breakup  were  limited  to  simple  shock-wave  disturbances.  Thus,  the 
findings  do  not  directly  address  the  complexities  of  most  practical  atomization 
processes.  In  particular,  many  instances  of  primary  breakup  involve  thin  liquid 
sheets,  interacting  with  gas  flows  having  a  range  of  relative  velocities,  which  will 
not  be  considered  here.  Furthermore,  practical  processes  of  secondary  breakup  in 
sprays  often  involve  gradual  variations  of  disturbances  imposed  on  drops,  which 
will  not  be  addressed  as  well.  Nevertheless,  primary  breakup  of  relatively  deep 
liquids,  along  the  surface  of  round  liquid  jets,  and  secondary  breakup  follow¬ 
ing  shock-wave  disturbances,  are  classical  liquid  breakup  problems  that  provide 
well-defined  experimental  conditions  which  help  to  simplify  the  interpretation 
of  measurements.  References  3-9  should  be  consulted  for  an  introduction  to  the 
more  extensive  literature  concerning  general  processes  of  primary  and  secondary 
breakup. 

Some  aspects  of  secondary  breakup  affect  primary  breakup;  in  particular,  con¬ 
ditions  can  be  encountered  where  processes  of  primary  and  secondary  breakup 
overlap  or  merge.  Thus,  secondary  breakup  is  considered  before  primary  breakup 
in  the  following.  The  discussion  is  brief,  see  Refs.  8-15  for  additional  details. 

IL  Secondary  Breakup 

A.  Introduction 

Because  of  numerous  applications,  secondary  breakup  has  received  significant 
attention  in  the  past.  Early  work  in  the  field  is  reviewed  by  Harrje  and  Reardon,3 
Giffen  and  Muraszew,4  Clift  et  al.,5  and  Hinze16;  therefore,  the  following  discussion 
will  be  limited  to  more  recent  studies.  The  definition  of  the  onset  of  secondary 
breakup,  secondary  breakup  dynamics,  and  the  outcome  of  secondary  breakup 
will  be  considered  in  turn. 

Most  earlier  work  on  secondary  breakup  has  at  least  touched  on  the  definition 
and  conditions  for  the  onset  of  various  breakup  regimes.  The  breakup  regime  ob¬ 
served  at  the  onset  of  secondary  breakup  has  been  termed  bag  breakup;  it  involves 
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deflection  of  the  drop  into  a  thin  disk  normal  to  the  flow  direction,  followed  by 
deformation  of  the  center  of  the  disk  into  a  thin  balloonlike  structure  extend¬ 
ing  in  the  downstream  direction,  both  of  which  subsequently  divide  into  drops 
(see  Refs.  16-23  for  photographs  of  all  the  breakup  regimes  discussed  here). 
The  shear  breakup  regime  is  observed  at  higher  relative  velocities;  it  involves 
deflection  of  the  periphery  of  the  disk  in  the  downstream  direction,  rather  than 
the  center,  and  stripping  of  drops  from  the  periphery  of  the  disk.  The  transition 
between  the  bag  and  shear  breakup  regimes  involves  complex  breakup  processes, 
with  portions  of  this  regime  termed  parachute  breakup,  chaotic  breakup,  bag-jet 
breakup,  transition  breakup,19,24"26  etc.;  this  regime  will  be  denoted  the  multi- 
mode  breakup  regime  in  the  following.  A  complex  breakup  mechanism  also  has 
been  observed  at  very  large  relative  velocities,  which  is  called  the  catastrophic 
breakup  regime21,22;  however,  this  regime  is  associated  with  very  strong  distur¬ 
bances,  such  as  detonation  waves,  rather  than  spray  processes  and  will  not  be 
considered  here. 

Existing  observations  of  secondary  breakup  have  generally  involved  liquid/gas 
density  ratios  greater  than  500  and  Reynolds  numbers  greater  than  100.  For  these 
conditions,  Hinze16  has  shown  that  transitions  between  breakup  regimes  are  largely 
functions  of  the  Weber  (We  =  pgdou\/a)  and  Ohnesorge  (Oh  =  PfKpgd^a )1/2) 
numbers,  which  are  measures  of  the  ratios  of  drop  drag  and  liquid  viscous  forces 
to  surface  tension  forces,  respectively.  He  found  that  progressively  larger  distur¬ 
bances,  i.e.,  larger  Weber  numbers,  were  required  for  the  onset  of  breakup  as 
Ohnesorge  number  increased  because  viscous  forces  in  the  liquid  tend  to  inhibit 
drop  deformation  at  large  Ohnesorge  number,  which  is  the  first  step  in  the  breakup 
process.  In  fact,  viscous  forces  essentially  suppressed  secondary  breakup  for  the 
available  range  of  Weber  number  (We  <  40)  for  Oh  >2  (Ref.  16).  Among  others, 
Loparev23  showed  that  the  properties  of  the  disturbances  also  affected  the  onset  of 
breakup,  with  more  slowly  applied  disturbances  requiring  higher  values  of  Weber 
number  for  breakup  at  a  particular  value  of  Ohnesorge  number.  Subsequent  con¬ 
siderations  will  be  limited  to  shock-wave  disturbances  to  avoid  this  complication. 
Borisov  et  al.24  proposed  an  alternative  breakup  regime  map  in  terms  of  Weber  and 
Reynolds  numbers  (Re  =  Pgdu/iig),  considering  both  the  bag  and  shear  breakup 
regimes,  which  is  best  suited  to  conditions  where  Oh  1.  Krzeczkowski19  ex¬ 
tended  the  breakup  regime  map  of  Hinze16  to  locate  transitions  to  the  bag,  bag 
jet,  multimode  (also  called  transition  breakup)  and  shear  breakup  regimes  as  a 
function  of  Weber  and  Ohnesorge  numbers. 

Another  aspect  of  secondary  breakup  that  has  been  studied  is  the  time  required  to 
complete  breakup.  Liang  et  al.27  summarize  past  measurements  of  breakup  times, 
including  the  findings  of  Simpkins  and  Bales28  and  Ranger  and  Nicholls20  for  shear 
breakup,  Reinecke  and  Mckay21  and  Reinecke  and  Waldman,22  for  catastrophic 
breakup — all  for  shock- wave  disturbances  at  large  liquid/gas  density  ratios  and  low 
Ohnesorge  number.  For  these  conditions,  breakup  times  could  be  normalized  by 
a  characteristic  breakup  time,  t*  =  do(pf  /pg^^/uQ,  finding  that  the  normalized 
breakup  time  was  constant  within  experimental  uncertainties  over  a  large  range 
of  Weber  number  (10  <  We  <  106)  that  includes  both  the  shear  and  catastrophic 
breakup  regimes. 

Finally,  due  to  the  problems  of  observing  drops  after  secondary  breakup,  there 
is  very  little  information  available  about  the  outcome  of  secondary  breakup  even 
though  this  information  is  vital  for  understanding  the  structure  of  dense  sprays.9 
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An  exception  is  some  limited  results  reported  by  Gel’fand  et  al.“  for  the  ba* 

S UP  rlglme,  A  b" m°d^1  dr°P  S'Ze  distribution  was  observed  with  small  drops 
the  ,•  break“p  of  the  bag  and  lafge  drops  associated  with  breakup  of 

the  liquid  ring  at  the  base  of  the  bag.  However,  this  information  is  too  limited  to 
provide  general  guidance  about  the  drop  sizes  produced  by  secondary  breakup 
The  preceding  review  indicates  that  there  are  several  gaps  in  the  literature 
concerning  secondary  breakup.  In  particular,  conditions  for  the  onset  of  various 
breakup  regimes  have  been  defined  reasonably  well  by  Krzeczkowski,19  but  anal¬ 
ogous  deformation  regimes  have  not  been  defined.  Results  at  large  Ohnesorge 
viscosity  effects  are  important  are  also  limited.  Breakup 
times  and  drop  deformation  have  been  studied  as  well,  however,  available  infor- 

fhfri°n  ‘V'T  f°r.the  bag  and  ^nsition  breakup  regimes  that  are  important 
Judv  nf  ?hTk?  den/C  SprT'  Flnally•  measurement  problems  have  limited 

availawl  fbr,h  C°ve  °f,SeC°ndaiy  breakuP  80  that  virtually  no  information  is 
available  for  this  critical  breakup  property.  Thus,  the  objectives  of  the  present  in¬ 
vestigation  were  to  extend  the  earlier  work  to  provide  measurements  of  the  onset 
»nH*l°US  d?,f0rm,ati°n  and  breakuP  regimes,  the  evolution  of  breakup  processes, 
losic^l  dSr  dr°P  si2es  and  velocities  after  secondary  breakup.  Phenomeno¬ 
logical  descriptions of these  processes  were  used  to  help  interpret  the  data  The 
measurements  involved  pulsed  shadowgraph  photography  and  holography  lim- 
„  d,t0  f°^t,0n"  which  are  representative  of  sprays  near  atmospheric  pressure: 

be  found foReft  1^-12  diSCUSSi°n  *S  bricf*  m0re  detaiIs  can 


B.  Experimental  Methods 

I.  Apparatus 

The  measurements  of  secondary  breakup  properties  were  carried  out  using  a 
shock  tube  apparatus  with  the  driven  section  open  to  the  atmosphere  ,<W2  The 

f™?  "  ,1  ";ctangalar  cross  section  (38  mm  wide  x  64  mm  high)  and  a 

.  f  ■  '  ^ltb  the  te8t  locatlon  4  m  from  the  downstream  end.  This  provided 

st  times  of  17-21  ms  in  the  uniform  flow  region  behind  the  incident  shock  wave. 
The  test  location  had  quartz  windows  mounted  flush  with  the  interior  side  walls  of 
the  shock  tube  in  order  to  allow  observation  of  drop  breakup.  Drop  breakup  was 

tut"  wS  ThockM1  ^  ^  9k  ^  ^  297  ±2K  in  016  driven  section  of  ^  8bock 

tube  with  shock  Mach  numbers  in  the  range  1.08-1.31 

nil0™™'  dr0pgene;at0rsystems  were  used  for  ^  experiment s. 

peration  at  low  and  moderate  Ohnesorge  numbers  involved  use  of  a  vibrating 

r7  tUrC  drop.genefaJ°r  which  generated  a  stream  of  drops.  Electrostatic 
deflection  of  a  fraction  of  the  drops  out  of  the  stream  yielded  a  drop  stream  with 

werediminated1'0"  S°  ^ interactions  ^tween  drops  during  secondary  breakup 

Drop  generation  at  large  Ohnesorge  numbers  required  a  different  approach 
because  such  drops  are  very  difficult  to  form.  Instead,  a  low  Ohnesorge  number 
rop  was  formed  from  a  liquid  solution  consisting  of  a  volatile  solvent  having 
a  low  viscosity  and  a  nonvolatile  viscous  liquid.  This  drop  then  was  levitated  at 
the  test  location  until  the  volatile  solvent  evaporated  away.  This  yielded  a  small 
drop  of  a  highly  viscous  liquid  to  provide  the  desired  large  Ohnesorge  number 
condition.  For  work  reported  here,  Dow  Corning  200  Fluids  were  used  for  the 
viscous  liquids  with  n-heptane  used  as  the  volatile  solvent. 


129 


252  P.-K.  WU,  L.-P.  HSIANG,  AND  G.  M.  FAETH 

2.  Instrumentation 

Drops  were  observed  using  pulsed  shadowgraph  photographs  and  motion  pic¬ 
tures  to  study  the  overall  dynamics  of  breakup  and  single-  and  double-pulsed 
holography  to  study  the  outcome  of  breakup.  The  pulsed  shadowgraph  photographs 
were  obtained  using  a  xenon  lamp  having  a  1-^ts  pulse  duration.  The  image  was 
recorded  using  a  Graphlex  camera  at  a  6: 1  magnification.  These  photographs  were 
obtained  in  a  darkened  room  with  a  variable  time  delay  between  shock  passage 
and  operation  of  the  flash  lamp  so  that  various  portions  of  the  breakup  process 
could  be  observed. 

Motion  picture  shadowgraphs  were  obtained  using  a  copper  vapor  laser  having 
a  30-nm-pulse  duration,  in  conjunction  with  a  35-mm  rotating  drum  camera. 
Laser  triggering  was  controlled  to  yield  5-14  motion  picture  shadowgraphs  with 
120-160  ijls  separation  times  between  images. 

The  holocamera  and  reconstruction  systems  were  similar  to  those  described  by 
Ruff  et  al.u  An  off-axis  holocamera  arrangement  was  used  with  a  2-3:1  magnifi¬ 
cation  of  the  hologram  image  and  a  20-ns-laser  pulse  time.  This  arrangement  was 
coupled  with  reconstruction  optics  that  allowed  drop  diameters  as  small  as  25  /zm 
to  be  measured  with  5%  accuracy  and  drops  as  small  as  10-15  fim  to  be  observed. 
Reconstruction  of  double-pulsed  holograms  yielded  two  images  of  the  spray  with 
separation  times  as  short  as  1  ^s  so  that  drop  velocities  could  be  measured. 

The  diameters  of  mildly  irregular  drops  were  found  by  measuring  their  maxi¬ 
mum  and  minimum  diameters.  It  then  was  assumed  that  the  drop  had  an  ellipsoidal 
shape,*  taking  the  effective  diameter  to  be  the  diameter  of  a  sphere  having  the  same 
volume  as  the  ellipsoid.  More  irregular  liquid  fragments  were  sized  by  finding 
the  cross-sectional  area  and  perimeter  of  the  image  and  proceeding  as  before  for 
an  ellipsoid  having  the  same  properties.  The  velocity  of  each  drop  was  found 
by  measuring  the  distance  between  the  centroid  of  its  two  images  and  dividing 
by  the  known  time  between  laser  pulses.  Results  at  each  test  condition  were 
summed  over  at  least  three  realizations,  in  order  to  provide  drop  size  and  velocity 
correlations. 

3.  Test  Conditions 

Test  drops  of  water,  n-heptane,  mercury,  two  Dow  Coming  200  Fluids,  and 
various  glycerol  mixtures  were  studied.  Initial  drop  diameters  were  in  the  range 
150-1550  /xm.  Ranges  of  other  variables  are  as  follows:  P//pg  =  580-12,000, 
Oh  =  0.006-560,  We  =  0.5-680,  and  Re  =  340-15,760.  The  Reynolds  num¬ 
ber  range  of  these  measurements  is  higher  than  conditions  where  gas  viscosity 
plays  a  strong  role  on  drop  drag  properties,  e.g.,  within  this  Reynolds  num¬ 
ber  range,  the  drag  coefficient  of  solid  spheres  only  varies  in  the  range  0.4-0.6 
(Refs.  10-12). 

C.  Presentation  of  Results  on  Secondary  Breakup 
L  Deformation  and  Breakup  Regimes 

The  presentation  of  secondary  breakup  results  will  begin  with  definition  of  de¬ 
formation  and  breakup  regime  transitions  in  order  to  help  organize  the  remainder 
of  the  findings.  The  deformation  and  breakup  regime  map,  showing  transitions  as 
functions  of  Weber  and  Ohnesorge  numbers  similar  to  Hinze16  and  Krzeczkowski,y 
is  illustrated  in  Fig.  1.  Present  evaluation  of  the  onset  of  breakup  (the  transition  to 
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Fig.  1  Drop  deformation  and  breakup  regime  map  for  liquid/gas  density  ratios 
greater  than  500. 


the  bag  breakup  regime)  is  identical  to  the  findings  of  Hinze16  and  Krzeczkowski19 
within  experimental  uncertainties.  Present  results  also  agree  quite  well  with  tran¬ 
sitions  found  by  Krzeczkowski19  to  the  shear  breakup  regime  and  the  multimode 
breakup  regime  (which  Krzeczkowski19  called  the  transition  breakup  regime).  In 
view  of  the  somewhat  subjective  identifications  of  breakup  regimes  and  their 
transitions,  this  level  of  agreement  is  quite  satisfying. 

Observations  of  transitions  to  the  various  deformation  and  oscillatory  deforma¬ 
tion  regimes  illustrated  in  Fig.  1  have  not  been  reported  before.  The  definition  of 
transition  to  the  various  deformation  regimes  was  taken  to  be  the  condition  where 
the  drop  deformed  so  that  the  ratio  of  its  maximum  (cross  stream)  dimension  to 
its  initial  diameter  was  within  the  given  range.  Following  these  transitions,  there 
was  a  range  of  Weber  numbers  at  each  Ohnesorge  number  where  the  drop  decayed 
back  to  a  spherical  shape  much  like  an  overdamped  oscillation.  For  Oh  >  0.4,  this 
regime  ended  by  the  onset  of  bag  breakup,  however,  for  Oh  <  0.4,  there  was  a 
range  of  Weber  numbers  where  the  drop  oscillated  with  progressively  decaying 
ratios  of  maximum  to  initial  diameters  before  the  bag  breakup  regime  was  reached; 
this  regime  is  denoted  the  oscillatory  deformation  regime  in  Fig.  1. 

The  most  striking  feature  of  the  flow  regime  map  of  Fig.  1  is  that  progressively 
higher  Weber  numbers  are  needed  for  the  various  transitions  as  Ohnesorge  num¬ 
ber  increases.  In  fact,  for  We  <  1000,  breakup  is  no  longer  possible  for  Oh  >  10 
whereas  5%  deformation  is  no  longer  possible  for  Oh  >  1000.  Recalling  that 
Ohnesorge  number  characterizes  the  ratio  between  liquid  viscous  forces  and  sur¬ 
face  tension  forces,  the  inhibition  of  deformation  and  breakup  at  large  Ohnesorge 
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numbers  clearly  is  due  to  increased  damping  by  liquid  viscous  forces.  This  in¬ 
creased  viscous  damping  slows  the  deformation  process  so  that  drag  forces  can 
reduce  relative  velocities  and  the  potential  for  breakup.  This  high-Ohnesorge  num¬ 
ber  regime  is  encountered  during  spray  combustion  processes  at  high  pressures, 
where  values  of  surface  tension  become  small  but  viscosity  remains  finite  as  the 
drop  surface  nears  its  thermodynamic  critical  point.  Thus,  the  findings  illustrated 
in  Fig.  1  suggest  that  drops  at  these  conditions  would  not  necessarily  shatter  due  to 
small  surface  tension  near  the  thermodynamic  critical  point  as  often  thought9;  in¬ 
stead,  they  might  only  deform  or  even  remain  spherical.  However,  additional  study 
of  drop  breakup  processes  at  high  pressure  is  needed  before  definitive  conclusions 
about  this  behavior  can  be  obtained.  In  particular,  specific  drop  trajectories  across 
the  flow  regime  map  depend  on  atomization  and  mixing  properties  of  the  spray 
whereas  near-critical  drop  processes  involve  much  lower  values  of  p//pg  than 
those  considered  in  Fig.  1. 


2.  Breakup  Times 

The  discussion  of  deformation  and  breakup  regime  transitions  highlights  the 
importance  of  breakup  time,  which  is  defined  as  the  time  between  initiation  of 
the  velocity  disturbances  and  the  last  fragmentation  of  drop  liquid.  In  particular, 
as  drop  velocity  relaxation  times  and  breakup  times  approach  one  another,  the 
propensity  for  drop  breakup  decreases  due  to  reduction  of  relative  velocities  be¬ 
tween  the  drop  and  the  gas.  Present  measurements  of  breakup  times,  along  with 
earlier  measurements  for  shock-wave  disturbances  from  Refs.  20-22,  28,  and  29, 
are  plotted  as  a  function  of  Weber  number  in  Fig.  2.  The  breakup  times  r*  in  the 
figure  are  normalized  by  the  characteristic  breakup  time  for  shear  breakup  defined 
by  Ranger  and  Nicholls20  as  follows: 

t*  =d0(.pf/ps)'/2/u0  (1) 
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Fig.  2  Drop  breakup  times  as  a  function  of  Weber  and  Ohnesorge  numbers. 
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Except  for  the  present  results,  which  are  grouped  according  to  Ohnesorge  number, 
the  measurements  are  for  Oh  <  0. 1  and  effects  of  liquid  viscosity  are  small.  Thus, 
the  deformation  and  breakup  regimes  at  small  Ohnesorge  numbers  are  illustrated 
in  the  figure  for  reference  purposes. 

A  remarkable  feature  of  the  breakup  time  results  of  Fig.  2  at  OA  <0.1  is  that 
tb/t*  varies  very  little  even  though  Weber  number  varies  over  a  large  range  (roughly 
10-106)  and  a  variety  of  breakup  regimes  are  involved.  In  fact,  the  breakup  time 
correlation  of  Ranger  and  Nicholls20  developed  for  the  shear  breakup  regime 

tb/r  -  5.0  (2) 

provides  a  reasonably  good  correlation  of  all  of  the  measurements  for  Oh  <  0.1. 
When  the  present  results  for  Oh  >  0.1  are  considered,  however,  it  is  seen  that 
tb/t*  progressively  increases  with  increasing  Ohnesorge  number.  This  reflects  the 
importance  of  liquid  viscosity  on  breakup  evident  from  the  breakup  regime  map 
of  Fig.  1. 

3.  Drop  Deformation 

The  first  stage  of  drop  deformation,  in  the  period  where  the  drop  flattens  and 
first  reaches  a  maximum  cross  stream  dimension,  was  studied  due  to  its  influence 
on  drop  velocity  relaxation  and  breakup.  In  particular,  the  distortion  of  the  drop 
should  affect  its  drag  properties,  and  thus  relative  velocities  during  the  breakup 
process,  which  undoubtedly  plays  a  role  in  the  onset  of  breakup. 

Drop  distortion  correlates  reasonably  well  as  a  linear  function  of  time  with 
the  maximum  distortion  reached  at  roughly  tft*  =  1.6  when  Oh  <  0.1  (Ref.  10). 
Notably,  measurements  plotted  by  Wierzba  and  Takayama23  exhibit  very  similar 
behavior.  Measurements  of  drop  distortion  at  Oh  >  0.1,  however,  show  progres¬ 
sive  delay  in  the  time  required  for  the  drop  to  reach  maximum  distortion. 

The  next  parameter  of  interest  is  the  maximum  cross  stream  diameter  of  the  drop 
dcm ax.  An  approximate  expression  for  the  variation  of  dcmzx  with  flow  conditions 
can  be  obtained  for  conditions  where  effects  of  liquid  viscosity  are  small,  Oh  < 
0.1,  by  considering  the  interaction  between  surface  tension  and  pressure  forces 
when  the  drop  is  drawn  into  a  flattened  shape.  This  yields  the  following  expression 
for  the  maximum  deformation10: 

dcma/d0  =  1  +  0.19We1/2,  Oh  <  0.1,  We  <  102  (3) 

Figure  3  is  an  illustration  of  present  measurements  of  dcmax/do  as  a  function  of 
Weber  number,  with  Ohnesorge  number  as  a  parameter.  The  correlating  expression 
of  Eq.  (3)  for  Oh  <  0.1  also  is  plotted  in  the  figure;  it  is  evident  that  Eq.  (3) 
provides  a  reasonable  fit  of  the  data.  Effects  of  increasing  Ohnesorge  number 
can  be  seen,  with  dcmzx/do  tending  to  decrease  at  a  particular  Weber  number  as 
Ohnesorge  number  is  increased.  Because  the  deformation  motions  of  the  drop 
cease  at  the  point  where  dc max  is  reached,  this  behavior  is  not  thought  to  be 
a  direct  effect  of  viscous  forces  on  the  force  balance  fixing  dc max.  Instead,  the 
increased  time  of  deformation  due  to  effects  of  liquid  viscosity  is  a  more  probable 
mechanism.  This  allows  drag  forces  to  act  for  a  longer  time  before  the  maximum 
deformation  condition  is  reached,  which  tends  to  reduce  the  relative  velocity,  and 
correspondingly  dcrnax. 


133 


256  P.-K.  WU,  L.-P.  HSIANG,  AND  G.  M.  FAETH 


Fig.  3  Maximum  cross  stream  drop  diameters  prior  to  breakup  as  a  function  of 
Weber  and  Ohnesorge  numbers. 


4.  Drop  Drag 

Drop  drag  properties  were  found  by  measuring  the  motion  of  the  centroid  of 
the  drop  in  the  uniform  flowfield  behind  the  shock  wave.  This  approach  is  only 
approximate  because  it  neglects  the  forces  involved  as  the  mass  of  the  drop  is 
redistributed  during  drop  deformation,  however,  this  effect  is  not  expected  to  be 
large  for  present  test  conditions  because  characteristic  velocities  in  the  liquid  phase 
are  small  as  discussed  subsequently.10 

The  experiments  to  find  CD  involved  the  initial  deformation  of  the  drops  up  to 
the  time  demx  was  reached  for  OA  <0.1  and  for  a  moderate  range  of  Reynolds 
number  (1000-2500)  where  effects  of  Reynolds  number  on  the  drag  of  the  drops 
are  expected  to  be  small.8  Thus,  it  was  found  that  CD  largely  was  a  function  of 
the  degree  of  deformation  of  the  drop  for  present  test  conditions.  To  highlight  this 
behavior,  the  results  are  plotted  in  terms  ofdc/do  in  Fig.  4.  Measurements  of  Co  for 
solid  spheres  and  thin  disks,  drawn  from  White30  for  the  same  range  of  Reynolds 
number  as  the  present  tests,  also  are  illustrated  on  the  plot.  In  spite  of  the  relatively 
large  uncertainties  of  the  measurements,  the  trend  of  the  data  is  quite  clear:  for 
dc/do  near  unity,  CD  approximates  results  for  solid  spheres  and  then  increases  to 
approach  results  for  thin  disks  at  dc/d0  =  2.  Thus,  behavior  in  the  period  observed 
appears  to  be  dominated  by  distortion  of  the  drop,  rather  than  internal  circulation 
which  would  cause  reductions  of  Cd  from  values  appropriate  for  solid  spheres. 
This  seems  reasonable  because  liquid-phase  velocities  are  relatively  small  for 
present  test  conditions.  In  particular,  conservation  of  momentum  considerations 
suggest  that  characteristic  liquid-phase  velocities  are  on  the  order  of  ( pg  /P/)1/2“o. 
see  Ranger  and  Nicholls.20  Thus,  for  (pf/pg)  >  500,  liquid  velocities  are  roughly 
5%  of  the  initial  relative  velocity. 

5.  Drop  Sizes 

Measurements  of  drop  sizes  after  breakup  were  limited  to  conditions  where 
Oh  <  0. 1 .  This  was  necessary  in  order  to  capture  the  entire  drop  field  after  breakup 
on  a  single  hologram,  because  larger  values  of  the  Ohnesorge  number  yielded 
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Fig.  4  Drop  drag  coefficient  prior  to  breakup  as  a  function  of  the  normalized  cross 
stream  diameter. 


regions  containing  drops  that  were  too  large  for  the  present  optical  arrangement. 
The  measurements  included  We  <  103,  which  corresponds  to  the  bag,  transition, 
and  shear  breakup  regimes. 

Past  work  on  the  structure  of  dense  sprays  and  processes  of  primary  breakup  of 
nonturbulent  and  turbulent  liquids113,14  indicated  that  local  drop  size  distributions 
generally  satisfied  the  universal  root  normal  distribution  function  of  Simmons,31 
with  MMD/SMD  =  1.2  (see  Belz32  for  a  discussion  of  the  properties  of  the  root 
normal  distribution  function).  This  vastly  simplifies  the  presentation  of  data  be¬ 
cause  the  root  normal  distribution  only  has  two  moments,  and  with  MMD/SMD 
equal  to  a  constant,  is  specified  entirely  by  the  Sauter  mean  diameter  alone.  Thus, 
initial  measurements  of  drop  sizes  after  breakup  focused  on  evaluating  the  root 
normal  distribution  function. 

Typical  measurements  of  drop  size  distributions  are  illustrated  in  Fig.  5  for  bag 
breakup.  Results  for  the  other  breakup  regimes  were  similar,  although  for  shear 
breakup  trends  illustrated  in  Fig.  5  they  were  achieved  only  after  removing  the  core 
or  drop-forming  drop  from  the  distribution  as  discussed  in  the  following  (the  core 
drop  will  be  handled  separately).  The  results  are  plotted  in  terms  of  the  root  normal 
distribution  function,  with  the  function  itself  illustrated  for  values  of  MMD/SMD  = 
1 . 1 ,  1 .2,  and  1 .5.  The  data  are  somewhat  scattered  at  large  drop  sizes  because  of  the 
limited  number  of  large  drops.  The  results  are  represented  reasonably  well  by  the 
universal  root  normal  distribution  function  with  MMD/SMD  =  1.2,  similar  to  the 
earlier  findings.2,13,14  In  contrast  to  the  present  findings,  Gel’fand  et  al.18  observed 
a  bimodal  distribution  of  drop  sizes  after  bag  breakup  for  the  two  conditions 
they  considered.  The  reason  for  this  discrepancy  is  unknown  and  clearly  merits 
additional  study. 

A  correlating  expression  for  the  Sauter  mean  diameter  after  secondary  breakup 
is  obtained  by  noting  the  similarity  between  primary  breakup  of  nonturbulent 
liquids13  and  secondary  breakup  due  to  stripping  originating  from  the  windward 
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Fig.  5  Distribution  of  drop  diameters  after  bag  breakup. 


side  of  the  drop  in  the  shear  breakup  regime.  The  configuration  for  secondary 
breakup  in  the  shear  breakup  regime  is  shown  in  Fig.  6,  where  the  core  (drop- 
forming)  drop  is  illustrated.  It  is  assumed  that  the  relative  velocity  at  the  time  of 
breakup  can  be  represented  by  the  initial  relative  velocity,  that  drop  sizes  after 
breakup  are  comparable  to  the  thickness  of  the  boundary  layer  as  it  reaches  the 
periphery  of  the  drop,  that  the  liquid  boundary  layer  is  laminar,  and  that  the  Sauter 
mean  diameter  is  dominated  by  the  largest  drop  sizes  in  the  distribution.  The 
length  of  development  of  the  liquid  boundary  layer  is  taken  to  be  proportional  to 
do,  which  should  be  the  condition  tending  to  yield  the  largest  drop  sizes.10 

Present  measurements  of  the  Sauter  mean  diameter  after  secondary  breakup  are 
plotted  in  terms  of  the  variables  from  the  secondary  breakup  model  in  Fig.  7.  These 
results  are  for  Oh  <0.1  and  We  <  103,  including  the  bag,  transition,  and  shear 
breakup  regimes.  A  correlation  of  the  data  based  on  the  approximate  theory  also 
is  shown  on  the  plot.  The  best  empirical  fit  of  the  data  to  the  theoretical  variables 
is  as  follows: 


PgSMD  u\/a  =  6.2(p//p,),'V//(p/^«o)],/2W?  (4) 

with  the  correlation  coefficient  of  the  fit  being  0.91.  It  should  be  noted,  however, 
that  Pf/Pg  does  not  vary  greatly  over  the  present  test  range,  and  additional  mea¬ 
surements  are  needed  to  explore  density  ratio  effects. 

It  is  probably  fortuitous,  and  certainly  surprising,  that  a  single  correlation  can 
express  the  Sauter  mean  diameter  after  bag,  transition,  and  shear  breakup  since 
the  three  breakup  mechanisms  appear  to  be  rather  different.  On  the  other  hand, 
similar  behavior  for  the  three  breakup  regimes  is  consistent  with  the  observation 
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that  their  breakup  times  correlated  in  the  same  way,  as  discussed  in  connection 
with  Fig.  2 

6.  Core  Drop  Properties 

The  velocity  and  size  of  the  core  drop  at  the  end  of  breakup  must  be  known  in 
order  to  treat  it  separately  from  the  rest  of  the  drop  population  after  shear  breakup. 
Since  drops  stripped  from  the  core  drop  were  not  observed  to  undergo  subsequent 
breakup,  the  end  of  shear  breakup  coincides  with  the  end  of  drop  stripping  from  the 
core  drop.  In  the  following,  the  velocity  of  the  core  drop  at  the  end  of  breakup  will 
be  considered  first.  Given  this  information  about  core  drop  velocities,  subsequent 
stability  considerations  yield  a  method  for  correlating  measurements  of  core  drop 
sizes.  These  considerations  are  limited  to  the  streamwise  velocity  of  the  core  drop 
because  these  drops  did  not  exhibit  appreciable  cross  stream  velocities  during  the 
present  experiments  (aside  from  their  cross  stream  motion  due  to  operation  of  the 
drop  generator  system). 

To  assist  data  correlation,  a  simplified  analysis  was  used  to  estimate  core  drop 
velocities  at  the  end  of  breakup.  The  major  assumptions  of  the  analysis11,12  are 
as  follows:  virtual  mass,  Bassett  history,  and  gravitational  forces  were  ignored; 
gas  velocities  were  assumed  to  be  constant;  mass  stripping  from  the  core  drop 
was  ignored;  and  a  constant  average  drag  coefficient  was  used  over  the  period  of 
breakup. 

Based  on  the  preceding  assumptions,  the  following  expression  for  the  absolute 
velocity  of  the  core  drop  at  the  end  of  breakup,  u'b  =  uQ  -  ub,  can  be  found11,12: 

K/«o)(P//P*)1/2(l  +  3  C)  =  3C0(fi/f)/4  (5) 

where 

c  =  (3CDr*/4r*)(Pi/P/)1/2  (6) 

Earlier  work  has  shown  that  tb/t*  =  5  for  10  <  We  <  106  and  Oh  <  0.1  (Refs. 
10  and  27).  Thus,  the  right-hand  side  of  Eq.  (5)  should  be  a  constant  if  a  constant 
average  value  of  Co  for  the  shear  breakup  process  can  be  found.  A  reason¬ 
able  correlation  of  the  present  measurements  of  ub/uo  was  obtained  by  taking 
Co  =  5,  which  is  comparable  to  values  observed  near  the  maximum  deformation 
condition.10  This  yields  3CD(tb/t*)/4  =  19  on  the  right-hand  side  of  Eq.  (5). 

The  measurements  of  core  drop  velocities  at  the  end  of  breakup,  normalized 
as  suggested  by  Eq.  (5),  are  plotted  as  a  function  of  Weber  number  in  Fig.  8. 
Measurements  are  shown  for  all  of  the  drop  liquids  over  the  test  range  of  the  shear 
breakup  regime,  100  <  We  <  600,  along  with  the  fitted  predictions  of  Eq.  (5). 
The  correlation  for  ub/uo  is  relatively  independent  of  Weber  number  over  this 
range  and  is  in  fair  agreement  with  Eq.  (5),  based  on  the  estimates  of  tb/tm and  Co 
discussed  earlier. 

The  velocity  measurements  indicated  that  the  relative  velocity  of  the  core  drop  at 
the  end  of  breakup  was  30-40%  lower  than  the  initial  relative  velocity.  This  implied 
that  the  local  Weber  numbers  of  the  core  drop  when  breakup  ended  generally  were 
greater  than  the  critical  Weber  number  for  the  onset  of  drop  breakup  due  to  shock- 
wave  disturbances  (We  =  13).  Thus,  the  criterion  for  the  end  of  drop  stripping 
from  the  core  drop  differs  from  the  criterion  for  the  onset  of  breakup. 
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Fig.  8  Velocities  of  the  core  drop  at  the  end  of  shear  breakup. 


The  dynamic  state  of  a  drop  at  the  start  of  secondary  breakup,  where  the  drop 
is  round  and  the  drop  liquid  is  motionless,  clearly  differs  from  the  state  of  the 
core  drop  when  shear  breakup  ends,  where  the  drop  is  deformed  and  liquid  motion 
associated  with  drop  stripping  is  present.  Thus,  it  is  not  surprising  that  local 
Weber  numbers  of  the  core  drop  at  the  end  of  shear  breakup  were  different  from 
(and  generally  exceeded)  the  critical  Weber  number  associated  with  the  onset  of 
secondary  breakup.  Instead,  conditions  defining  the  end  of  drop  stripping  for  shear 
breakup  appear  to  be  related  more  closely  to  the  onset  of  breakup  for  more  gradual 
drop  motions,  like  the  breakup  of  freely  falling  drops.  This  correspondence  is 
exploited  in  the  following  to  find  a  criterion  for  the  end  of  core  drop  stripping  and 
a  method  for  estimating  the  size  of  the  core  drop  at  this  condition. 

The  deformation  and  size  of  freely  falling  drops  generally  are  correlated  in  terms 
of  the  Eotovs  number  Eo .  The  appropriate  expression  when  the  drop  acceleration 
a  is  due  to  gas  motion  relative  to  the  drop  is  as  follows3: 

Eo  =  a\pf  —  pg\d2/o  =  apfd2/o  (7) 

where  the  latter  approximation  follows  because  P//pg^>  1  for  present  test  con¬ 
ditions.  It  is  anticipated  that  drop  stripping  ends  when  a  critical  value  of  Eotvos 
number  £oCT  is  reached,  based  on  the  behavior  of  freely  falling  drops.  The  values 
of  Eocr  were  found  for  all  shear  breakup  conditions,  as  defined  in  Refs.  1 1  and  12, 
and  are  plotted  as  a  function  of  Weber  number  in  Fig.  9.  The  critical  Eotvos  number 
of  the  core  drop  at  the  end  of  shear  breakup  is  seen  to  be  relatively  independent 
of  Weber  number  and  liquid  type  over  the  range  of  the  measurements,  yielding  a 
mean  value,  Eo„  =  16.  This  behavior  also  is  similar  to  the  breakup  requirements 
of  freely  falling  drops,  as  discussed  later. 

The  previous  considerations  suggest  that  Weber  number,  Eotvos  number,  and 
time  all  are  factors  in  drop  breakup  events  at  low-Ohnesorge  number.  These 
interactions  are  highlighted  by  the  local  values  of  critical  Weber  number,  critical 
Eotvos  number,  and  tCT/t*  for  various  breakup  events  summarized  in  Table  1. 
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Fig.  9  Critical  Eotvos  number  of  the  core  drop  at  the  end  of  shear  breakup. 


For  abrupt  disturbances,  like  the  onset  of  secondary  breakup  due  to  shock-wave 
disturbances,  local  values  of  critical  Weber  numbers  and  critical  Eotvos  numbers 
were  estimated  at  the  time  of  breakup  using  measured  values  of  drop  drag  in 
the  deformation  period.11,12  Thus,  these  values  are  lower  than  criteria  normally 
given  for  breakup  regime  transitions  due  to  drop  acceleration  prior  to  the  onset 
of  breakup.  Similar  to  the  normalized  breakup  time,  the  normalized  time  at  the 
onset  of  breakup  for  shock-wave  disturbances  is  a  constant  over  a  wide  range 
of  Weber  number,  ta/t*  =  1.6.  For  this  process,  drops  in  the  deformation  period 
have  local  values  of  Weber  and  Eotvos  numbers  that  exceed  the  limits  for  the  onset 
of  breakup,  however,  breakup  does  not  begin  until  the  drop  has  had  time  to  deform 
and  achieve  a  dynamical  condition  in  the  liquid  that  allows  drops  to  separate 
from  the  parent  drop.  The  characteristics  of  critical  Weber  number,  critical  Eotvos 
number  and  t^/t*  are  somewhat  different  for  gradual  disturbances.33-36  In  the  case 


Table  1  Criteria  for  secondary  breakup  processes8 


Process 

We c, 

Eozx 

ta/r 

Abrupt  (shock-wave)  disturbances: 

Stan  of  bag  breakup,  in  gases 

8-23 

24-70 

1.6 

Start  of  multimode  breakup,  in  gases 

23-53 

70-160 

1.6 

Start  of  shear  breakup,  in  gases 

53  < 

160  < 

1.6 

Gradual  disturbances: 

Start  of  bag  breakup,  in  gasesb 

11-13 

11 

large 

Start  of  bag  breakup,  in  liquidsb 

7-9 

15 

large 

End  of  shear  breakup,  in  gases 

8-29c 

16 

5.5 

zOh  <  0.05,  WeCT  and  Eocr  subsequently  increase  with  increasing 
Ohnesorge  number. 

bFreeiy  falling  drops  in  a  motionless  environment,  from  Refs.  33-36. 
c  Present  test  range  with  wider  range  probable. 
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of  bag  breakup  for  a  freely  falling  drop,  Eotvos  number,  based  on  the  actual  drop 
acceleration,  is  a  maximum  at  the  start  of  free  fall,  whereas  tCT/t*  is  large  due  to 
the  relatively  slow  acceleration  of  the  drop.  Thus,  liquid  properties  are  roughly 
quasisteady  at  each  relative  velocity  condition  and  breakup  only  occurs  when 
forces  on  the  drop  surface  due  to  drag  are  too  large  to  be  stabilized  by  surface 
tension,  i.e.,  when  the  Weber  number  of  the  drop  reaches  a  critical  value.  Finally, 
the  end  of  drop  stripping  for  shear  breakup  also  involves  near  quasisteady  liquid 
behavior  with  the  dynamical  state  of  the  drop  being  stabilized  by  surface  tension 
once  the  forces  on  the  surface,  represented  by  the  drop  acceleration,  became 
lower  than  a  critical  value  represented  by  the  critical  Eotvos  number.  A  range  of 
critical  Weber  number  is  associated  with  this  condition  due  to  the  large  variation 
of  the  drag  coefficient  with  the  degree  of  deformation  of  the  drop.  Thus,  various 
breakup  events  are  associated  with  required  minimum  values  of  Weber  number, 
Eotvos  number,  and  time,  with  one  of  these  parameters  frequently  serving  as  the 
controlling  parameter  for  a  particular  process. 


7.  Drop  Velocities 

The  last  aspect  of  secondary  breakup  considered  was  the  drop-size/velocity 
correlation  at  the  completion  of  secondary  breakup.  These  results  will  include  all 
of  the  drops  in  the  bag  and  multimode  breakup  regimes.  The  core  drop  will  be 
excluded  in  the  shear  breakup  regime,  however,  because  its  properties  have  already 
been  established.  A  simplified  analysis,  similar  to  the  approach  used  for  core  drop 
velocities,  was  used  to  assist  the  correlation  of  drop  velocity  data.11' 12  Although  the 
analysis  was  rather  crude,  it  did  yield  results  that  were  useful  for  correlating  the 
velocity  measurements.  Similar  to  consideration  of  core  drop  velocities,  attention 
was  limited  to  streamwise  drop  velocities. 

The  drop-size/velocity  correlation  based  on  the  variables  from  the  simplified 
analysis  is  plotted  in  Fig.  10.  The  test  results  involve  a  variety  of  drop  liquids  over 
the  bag,  multimode,  and  shear  breakup  regimes.  Results  for  the  core  drops  have 
been  shown  as  dark  symbols,  for  comparison  purposes,  but  they  are  not  included 
in  the  following  drop-size/velocity  correlation.  The  measured  results  clearly  are 
independent  of  the  breakup  regime  and  can  be  correlated  reasonably  well  using 
the  following  empirical  fit  based  on  the  simplified  analysis11’12: 

u0/ub  -  1  =  2j[(pg/pf)''2d0/d]2P  (8) 

Equation  (8)  appears  to  be  rather  robust  over  the  three  breakup  regimes,  the  range 
of  liquid  types,  and  the  flow  conditions  considered  during  the  present  experiments. 
Even  the  results  for  core  drops  are  in  fair  agreement  with  Eq.  (8),  however,  the 
specific  relationships  for  core  drops  discussed  earlier  provide  a  better  estimate  of 
their  velocities.  Additionally,  the  results  indicate  that  relative  velocities  are  reduced 
30-70%  over  the  period  of  breakup,  with  the  smallest  drops  experiencing  the 
largest  reduction  of  relative  velocity  due  to  their  smaller  relaxation  times.  Finally, 
this  variation  of  drop  velocities  with  size  implies  that  the  secondary  breakup 
process  extends  over  a  considerable  region  of  space;  for  example,  core  drops  move 
3CM0  initial  droplet  diameters  during  the  period  of  breakup.11  Thus,  secondary 
breakup  corresponds  to  a  rate  process,  somewhat  like  drop  vaporization,  rather 
than  to  an  instantaneous  process  that  can  be  characterized  by  jump  conditions. 
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Fig.  10  Correlation  of  drop  velocities  with  drop  size  at  the  end  of  secondary  breakup. 


D.  Conclusions 

Drop  deformation  and  secondary  breakup  after  shock-wave  initiated  distur¬ 
bances  were  studied,  considering  a  variety  of  liquids  in  air  at  normal  temper¬ 
ature  and  pressure  (We  =  0.5-600,  Oh  =  0.006--600,  P//pg  =  580-12000,  and 
Re  =  340-15760).  The  major  conclusions  of  the  study  are  as  follows. 

1)  Drop  deformation  and  breakup  begin  at  Wfe  —  1  and  10,  respectively,  at  low 
Ohnesorge  number.  Effects  of  liquid  viscosity,  however,  inhibit  deformation  and 
breakup  at  high  Ohnesorge  numbers,  e.g.,  for  We  <  1000,  breakup  and  deforma¬ 
tion  were  no  longer  possible  for  Oh  >  10  and  1000,  respectively.  This  inhibition  of 
deformation  and  breakup  should  be  important  for  high-pressure  combustion  pro¬ 
cesses  where  drops  reach  large  Ohnesorge  numbers  as  the  liquid  surfaces  approach 
the  thermodynamic  critical  point,  see  Fig.  1. 

2)  Drop  size  distributions  after  secondary  breakup  satisfy  the  universal  root 
normal  distribution  of  Simmons31  with  MMD/SMD  =  1.2,  similar  to  other  obser¬ 
vations  in  dense  sprays  and  after  primary  breakup.1,2,13  An  exception  was  shear 
breakup  where  the  core  drop  must  be  treated  separately.  Thus,  the  size  distribution 
is  completely  defined  by  the  Sauter  mean  diameter  alone,  see  Fig.  5. 

3)  The  Sauter  mean  diameter  after  secondary  breakup  could  be  correlated  in 
terms  of  a  characteristic  liquid  boundary-layer  thickness  for  all  three  breakup 
regimes,  see  Fig.  7  and  Eq.  (4). 

4)  The  streamwise  velocity  and  size  of  the  core  drop  after  shear  breakup  were 
correlated  successfully  based  on  simplified  considerations  of  drop  motion  during 
breakup,  and  the  observation  that  the  Eotvos  number  at  the  end  of  drop  stripping 
was  a  constant,  i.e.,  Eoct  =  16,  see  Figs.  8  and  9  and  Eq.  (5). 


142 


AERODYNAMIC  EFFECTS  ON  SPRAY  BREAKUP  265 

5)  The  relative  streamwise  velocities  of  the  drop  liquid  are  significantly  reduced 
during  secondary  breakup  (30-70%,  depending  on  drop  size)  due  to  the  large  drag 
coefficients  during  the  drop  deformation  stage  and  the  reduced  relaxation  times 
of  smaller  drops.  These  effects  were  correlated  successfully  based  on  variables 
found  from  simplified  analysis  of  drop  motion,  see  Fig.  10  and  Eq.  (8). 

6)  At  low  Ohnesorge  numbers,  criteria  for  various  drop  breakup  processes  can 
be  represented  by  critical  values  of  Weber  number,  Eotvos  number,  and  t/t*. 
Although  certain  minimum  values  are  required  for  all  three  parameters,  reaching  a 
critical  local  value  of  one  of  the  parameters  tends  to  control  the  onset  of  particular 
breakup  events:  fCT/r*  for  the  onset  of  breakup  after  a  shock-wave  disturbance, 
critical  Weber  number  for  the  onset  of  breakup  of  a  freely  falling  drop,  and  critical 
Eotvos  number  for  the  end  of  drop  stripping  from  the  core  drop  during  shear 
breakup. 

Aside  from  the  deformation  and  breakup  regime  map,  the  present  findings  gen¬ 
erally  were  limited  to  Oh  <  0.039,  with  results  concerning  core  drop  properties 
limited  to  Oh  <  0.011.  Increasing  the  Ohnesorge  number  tends  to  impede  drop 
deformation  and  breakup  processes  and  should  modify  secondary  breakup  behav¬ 
ior  considerably  from  the  results  observed  during  the  present  study.  The  liquid/gas 
density  ratios  of  present  work  also  were  relatively  limited  and  are  most  appropriate 
for  sprays  at  atmospheric  pressure.  Effects  of  both  Ohnesorge  number  and  pj/pg 
clearly  merit  additional  study  in  order  to  better  understand  secondary  breakup 
properties  for  practical  combusting  sprays,  particularly  at  the  conditions  of  liquid 
rocket  engines.  Finally,  the  rate  aspects  of  secondary  breakup,  e.g.,  the  evolution 
of  dispersed  drop  liquid  as  a  function  of  time,  needs  to  be  explored  because  sec¬ 
ondary  breakup  extends  over  a  significant  region  in  space  and  time  and  is  not 
completely  characterized  by  jump  conditions. 


HI.  Tbrbulent  Primary  Breakup 

A.  Introduction 

Primary  breakup  to  form  drops  near  liquid  surfaces  is  an  important  fundamental 
process  of  sprays.  Unfortunately,  current  understanding  of  primary  breakup  is 
limited  due  to  problems  of  observing  the  process  in  dense  spray  environments, 
effects  of  secondary  breakup  that  modify  drop  size  distributions  prior  to  the  drop 
field  reaching  conditions  where  drop  sizes  can  be  measured  readily,  and  effects 
of  liquid-phase  disturbances  that  can  vastly  alter  primary  breakup  properties. 
Recently,  pulsed  holography  techniques  have  provided  optical  access  to  primary 
breakup  properties;  thus,  findings  using  these  methods  will  be  discussed  in  the 
following.13-15  This  work  has  been  limited  to  primary  breakup  along  the  surfaces  of 
round  liquid  jets  in  still  gases.  This  region  corresponds  to  the  near-injector  dense- 
spray  region  of  pressure-atomized  sprays  for  atomization  breakup  conditions,  in 
the  absence  of  significant  gas  velocities  relative  to  the  injector  passage. 

Past  studies  of  pressure-atomized  sprays  have  established  that  spray  properties 
are  influenced  by  turbulence  at  the  jet  exit.  First  of  ail,  the  early  studies  of  pres¬ 
sure  atomization  by  De  Juhasz  et  al.37  and  Lee  and  Spencer38  showed  that  both 
atomization  quality  and  mixing  rates  differed  for  laminar  and  turbulent  flow  at 
the  jet  exit.  Next,  Grant  and  Middleman39  and  Phinney40  observed  that  jet  stabil¬ 
ity  and  the  onset  of  breakup  were  affected  by  turbulence  at  the  jet  exit  as  well. 
Additionally,  Hiroyasu  et  a!.41  studied  the  length  of  the  all-liquid  core  near  the 
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jet  exit,  which  resembles  the  potential  core  region  of  single-phase  jets.  They  con¬ 
clude  that  turbulence  generated  in  the  flow  passage  has  a  significant  effect  on  jet 
breakup  properties,  with  even  relatively  short  injectors  exhibiting  effects  of  turbu¬ 
lence  due  to  disturbances  generated  at  the  reattachment  points  of  separated  flow 
regions.  Chehroudi  et  al 42  criticized  the  measurements  of  all-liquid  core  lengths  of 
Hiroyasu  et  al.,41  typically  finding  values  roughly  half  as  long.  Nevertheless,  sev¬ 
eral  other  studies  with  reasonably  good  characterization  of  turbulence  properties 
at  the  jet  exit  and  alternative  methods  for  measuring  all-liquid  core  lengths  and  jet 
properties  also  have  reported  effects  of  jet  exit  turbulence  on  liquid  jet  breakup 
properties. 

The  recent  studies  of  Ruff  et  al.1,2’43  and  Tseng  et  al.44,43  also  have  helped  to 
quantify  effects  of  turbulence  at  the  jet  exit  on  the  mixing  rates  and  structure  of 
the  dispersed  phase  region  of  pressure-atomized  sprays.  These  studies  involved 
liquid  jets  in  still  air  at  various  pressures  with  both  nonturbulent  slug  flow  and  fully 
developed  turbulent  pipe  flow  at  the  jet  exit.  Measurements  of  liquid  volume  frac¬ 
tion  distributions  showed  much  faster  mixing  rates  for  fully  developed  turbulent 
pipe  flow  than  for  nonturbulent  slug  flow.  Additionally,  drop  sizes  after  primary 
breakup  were  larger  for  turbulent  than  nonturbulent  liquids  even  though  the  other 
properties  of  these  flows  were  nearly  identical.  Finally,  drop  sizes  were  relatively 
independent  of  liquid/gas  density  ratios  for  values  greater  than  500.  However, 
drop  sizes  progressively  decreased  as  liquid/gas  density  ratios  were  reduced  be¬ 
low  500,  so  that  aerodynamic  effects  appear  to  be  limited  to  this  low-density 
ratio  regime. 

Other  studies  also  found  that  disturbances  within  the  liquid  phase,  i.e.,  the 
presence  of  liquid  turbulence,  has  dominated  observations  of  breakup  in  pressure- 
atomized  sprays  and  that  aerodynamic  effects  are  not  very  important  at  liquid/gas 
density  ratios  typical  of  observations  at  normal  pressure  and  temperature.  First 
of  all,  Hoyt  and  Taylor4<-,‘  found  that  the  breakup  of  liquid  jets  in  air  at  atmo¬ 
spheric  pressure  was  associated  with  the  presence  of  turbulent  boundary  layers 
along  the  walls  near  the  jet  exit.  Additionally,  large  changes  in  the  aerodynamic 
environment,  including  both  coflowing  the  counterflowing  air,  had  little  effect  on 
breakup  properties.  Finally,  Wu  et  al.49  observed  the  complete  suppression  of  pri¬ 
mary  breakup  along  the  liquid  surface  when  boundary  layers  that  develop  along 
the  injector  passage  walls  for  slug  flow  conditions  are  removed;  instead,  the  entire 
liquid  column  breaks  up  as  a  whole  at  some  distance  from  the  jet  exit,  due  to 
growth  of  large-scale  disturbances.  Thus,  even  the  so-called  slug  flows  considered 
in  the  past,1,2'13'44'43  probably  involved  effects  of  breakup  enhanced  by  turbulent 
boundary  layers  near  the  liquid  surface. 

The  preceding  review  of  the  literature  shows  that  liquid  properties  affect  primary 
breakup  on  the  surface  of  the  round  jet  and  that  aerodynamic  effects,  or  at  least 
the  onset  of  conditions  where  they  are  important,  are  controlled  by  the  liquid/gas 
density  ratio  and  are  not  very  significant  for  surface  breakup  at  liquid/gas  density 
ratios  greater  than  500.  Thus,  the  objective  of  the  present  investigation  was  to 
observe  primary  breakup  along  liquid  surfaces  with  well-defined  liquid  disturbance 
levels  at  various  liquid/gas  density  ratios.  Measurements  involved  round  liquid  jets 
in  still  gases  with  fully  developed  turbulent  pipe  flow  at  the  jet  exit.  Effects  of 
flow  dynamics  and  liquid  physical  properties  were  studied  by  considering  various 
gases  as  the  jet  environment.  The  measurements  included  pulsed  shadowgraph 
photography  and  holography  to  find  the  location  of  the  onset  of  turbulent  primary 
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breakup  as  well  as  drop  sizes  and  velocities  after  primary  breakup  as  a  function 
of  distance  from  the  jet  exit.  Additionally,  phenomenological  theories  were  used 
to  help  interpret  and  correlate  the  results.  The  following  discussion  is  brief;  more 
details  can  be  found  in  Refs.  14,  15,  and  49. 


B.  Experimental  Methods 
/.  Apparatus 

The  measurements  of  primary  breakup  properties  along  the  surface  of  round  liq¬ 
uid  jets  in  gases  were  carried  out  using  an  injector  within  a  windowed  test  chamber. 
The  injector  consisted  of  a  pneumatically  driven  piston/cylinder  arrangement  con¬ 
taining  a  600-ml  sample  of  the  test  liquid.  The  outlet  of  the  cylinder  had  a  rounded 
contraction  to  prevent  cavitation,  followed  by  a  constant-diameter  passage  having 
a  length-to-diameter  ratio  >  41,  to  yield  nearly  fully  developed  turbulent  pipe  flow 
at  the  jet  exit.  Injection  was  vertically  downward  with  the  liquid  collected  at  the 
bottom  of  the  test  chamber  and  then  discarded. 

The  windowed  test  chamber  was  cylindrical  with  a  diameter  of  300  mm  and 
a  length  of  1370  mm.  The  chamber  could  be  evacuated  and  refilled  with  various 
gases  at  pressures  of  1  and  2  atm  in  order  to  change  p f/pg  while  avoiding  problems 
of  cavitation  and  flashing  at  low-chamber  pressures.  Total  test  times  were  200- 
1 0,000  ms,  which  was  sufficient  due  to  short  flow  development  and  data  acquisition 
times.  Jet  exit  velocities  were  calibrated  using  an  impact  plate. 

2.  Instrumentation 

Instrumentation  consisted  of  pulsed  shadowgraph  photography  and  single-  and 
double-pulsed  holography  to  measure  drop  sizes  and  velocities.  These  observa¬ 
tions  were  confined  to  the  region  near  the  liquid  surface  in  order  to  characterize  the 
outcome  of  primary  breakup.  The  holocamera  was  used  for  pulsed  shadowgraph 
photography,  operating  in  the  single-pulse  mode  with  the  reference  beam  blocked 
to  yield  a  shadowgraph  rather  than  a  hologram;  these  measurements  were  used  to 
measure  primary  breakup  properties  near  the  onset  of  breakup.  The  arrangement 
of  the  holocamera  as  well  as  measurement  techniques  were  identical  to  the  sec¬ 
ondary  breakup  measurements  discussed  in  Sec.  II.  Results  at  each  test  condition 
were  summed  over  20-400  liquid  fragments,  to  provide  drop  size  and  velocity 
correlations. 

3.  Test  Conditions 

The  experiments  involved  relatively  large,  3.6-9.5-mm-diam,  liquid  jets  in  still 
gases.  Test  liquids  included  water,  n-heptane,  and  various  glycerol  mixtures.  Test 
gases  included  helium,  air,  and  freon  12  at  pressures  of  1-2  atm.  Jet  exit  veloc¬ 
ities  were  in  the  range  16—109  m/s,  yielding  the  following  ranges  of  jet  and  pri¬ 
mary  breakup  dynamic  parameters:  =  104-6230,  Refd  =  90,000-780,000, 

Wegd  =  12-3790,  Wefd  =  60,000-1,090,000,  and  Ohd  =  0.0011-0.0052.  Most 
test  conditions  involved  We  >  8  and  Wegd  >  40,  which  places  them  in  the  atom¬ 
ization  breakup  regime  defined  by  Miesse52  and  Ranz,  where  primary  breakup 
should  begin  right  at  the  jet  exit.  Actually,  the  onset  of  primary  breakup  always 
occurred  at  some  distance  from  the  jet  exit,  as  will  be  discussed  later  in  more 
detail.  *... 
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C-  Presentation  of  Results  on  Primary  Breakup 

1.  Drop  Size  Distributions 

Drop  size  distributions  after  primary  breakup  were  measured  for  all  test  condi¬ 
tions.  It  was  found  that  they  satisfied  the  universal  root  normal  distribution  function 
with  the  ratio  MMD/SMD  =  1.2,  similar  to  results  after  secondary  breakup,  dis¬ 
cussed  earlier.  These  results  also  are  consistent  with  numerous  other  observations 
in  dense  sprays.1,2' 3 1’43^3  Thus,  drop  size  distributions  will  be  specified  by  the 
SMD  diameter  alone  in  the  following. 

2.  Drop  Velocities 

The  measurements  of  mass-  (volume-)  averaged  streamwise  and  cross  stream 
drop  velocities  after  primary  breakup  are  plotted  as  a  function  of  distance  from 
the  jet  exit  in  Fig.  11.  To  highlight  potential  aerodynamic  effects,  results  for 
pf/Pg  >  500  are  shown  as  open  symbols  whereas  results  for  p//pg  <  500  are 
shown  as  darkened  and  half-darkened  symbols. 

The  normalized  drop  velocities  illustrated  in  Fig.  1 1  provide  crude  correlations 
in  terms  of  x/d  but  other  factors  probably  are  involved  as  well.  Near  the  jet  exit, 
Up/uo ,  has  a  value  of  near  0.6,  which  increases  to  roughly  0.9  for  x/d  >  20. 
This  behavior  is  consistent  with  drop  velocities  after  turbulent  primary  breakup 
being  roughly  the  same  as  streamwise  liquid  velocities  near  the  liquid  surface. 
Thus,  the  lower  streamwise  velocities  are  expected  near  the  jet  exit  due  to  the 
retarding  effect  of  the  passage  wall,  evolving  to  higher  values  farther  downstream 
where  liquid  velocities  become  more  uniform.  Superimposed  on  this  behavior. 


Fig.  11  Mass-averaged  drop  velocities  after  primary  breakup  as  a  function  of  dis¬ 
tance  from  the  injector  exit. 
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however,  is  a  clear  trend  that  measurements  for  pf/p  <  500  have  significantly 
lower  mean  streamwise  velocities  than  the  higher  density  ratio  condftions— on 
the  average  roughly  20-40%  lower.  This  can  be  attributed  to  aerodynamic  drag  if 
it  recalled  that  gas  velocities  near  the  liquid  surface  tend  to  be  relatively  low 

AanOI  <7?  d,spersed-phase  reSion  is  verY  dilute  (liquid  volume  fractions  are  less 
than  0.1%)  so  that  momentum  transfer  to  the  gas  phase  is  not  very  effective  and 
relative  velocities  between  the  phases  are  large. 11 

Similar  trends  with  respect  to  density  variations  are  much  less  clear  for  the  cross 

veloHtJfl ^  comP°n®nt  >/“° in  Fl2- 11,  which  are  comparable  to  cross  stream 
velocity  fluctuations  m  the  liquid.  In  particular,  maximum  values  of  d'/u0  =  0.058 

*r.™y  develoPfd  turbulent  pipe  flow,  even  in  the  region  near  the  wall5031 
which  is  comparable  to  the  cross  stream  drop  velocity  results  seen  in  Fig  1 1  An 
explanation  of  why  the  cross  stream  velocity  component  does  not  eSfbit  a  fe- 
duction  due  to  drag  at  low  values  of  pf/pg,  similar  to  the  streamwise  velocity 
^X  'i  ‘S  pr°vldedbyuan  aerodynamic  effect  other  than  drag.  In  particular 
rh!t  fl  aerodynamic  theones  of  primary  drop  breakup  are  based  on  the  idea 
that  flow  velocities  in  the  radial  direction  are  increased  for  protuberances  from  the 
liquid  surface  due  to  acceleration  of  the  gas  over  the  tip  of  the  protuberance  S2'S6 
which  can  be  seen  from  the  sketch  appearing  in  Fig.  12.  This  yields  a  radial 
pressure  drop  across  the  protuberance  that  should  increase  the  radial  velocities  of 
drops  near  the  surface  when  aerodynamic  effects  are  significant.  This  mechanism 

S  *  Td  It°  C|°?,penSaIte  for  draS  effects  in  the  radial  direction.  Thus,  it  is  piau- 
sible  that  radial  drop  velocities  are  not  significantly  changed  by  the  presence  of 
aerodynamic  effects  within  the  rather  large  scatter  of  the  measurements. 

3.  Onset  of  Breakup 

uihKn°r0l?g,Cal  canalys.is  t0  find  droP  Properties  at  the  onset  of  breakup 
was  based  on  the  configuration  illustrated  in  Fig.  12.  The  onset  mechanism  was 


Fig.  12  Aerodynamically  enhanced  turbulent  primary  breakup  at  a  liquid  surface. 
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assumed  to  involve  the  formation  of  a  drop  from  a  turbulent  eddy  having  a  charac¬ 
teristic  size  ly  and  a  characteristic  cross  stream  velocity  relative  to  the  surrounding 
liquid  vc.  The  eddy  is  shown  with  an  elongated  shape  because  length  scales  in 
the  streamwise  direction  are  larger  than  in  the  cross  stream  direction  for  turbulent 
pipe  flow.50,51  The  eddy  is  assumed  to  be  convected  in  the  streamwise  direction  at 
the  local  mean  velocity,  which  is  taken  to  be  u0  based  on  the  results  discussed  in 
connection  with  Fig.  1 1.  The  drop  formed  by  the  eddy  also  is  assumed  to  have  a 
diameter  comparable  to  t. 

Drops  formed  at  the  onset  of  turbulent  primary  breakup  are  the  smallest  drops 
that  can  be  formed  by  this  mechanism.14  The  smallest  drops  that  can  be  formed  are 
either  comparable  to  the  smallest  or  Kolmogorov  scales  of  turbulence,  tKy  or  the 
smallest  eddy  that  has  sufficient  mechanical  energy  to  provide  the  surface  energy 
needed  to  form  a  drop,  whichever  is  larger.  For  present  test  conditions,  Ik  was 
in  the  range  1-10  /xm,  which  is  much  smaller  than  the  smallest  observed  drop 
sizes;  therefore,  only  the  second  criterion  will  be  considered  here,  even  though 
the  first  criterion  may  be  relevant  for  some  applications.  The  second  criterion  for 
the  smallest  drop  that  can  be  formed  can  be  approximately  quantified  based  on 
energy  considerations.  The  mechanical  energy  available  to  form  a  drop  includes 
the  kinetic  energy  of  an  eddy  of  characteristic  size,  relative  to  its  surroundings, 
plus  the  added  mechanical  energy  due  to  the  pressure  drop  caused  by  acceleration 
of  the  surrounding  gas  over  the  tip  of  the  protuberance,  as  illustrated  in  Fig.  12.  It 
is  reasonable  to  assume  that  it  is  in  the  inertial  range  of  the  turbulence  spectrum, 
which  implies53 


Vt;  ~  Vq(vq£,/A)i/3  (9) 

where  variations  of  turbulence  properties  in  the  liquid  have  been  ignored,  similar 
to  Ref.  14.  Formulation  of  these  ideas,  setting  SMD ,•  ~  £/,  and  assuming  that 
turbulence  properties  in  the  liquid  can  be  approximated  by  jet  exit  turbulence 
properties,  yields  the  following  implicit  equation  for  SMDt  (Ref.  15): 
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3/5 


(10) 


where  Csa  and  Cst  are  empirical  proportionality  constants.  With  fully  developed 
turbulent  pipe  flow  at  the  jet  exit,  v0/u$  essentially  is  a  constant50,51;  therefore,  the 
effect  of  the  aerodynamic  enhancement  term  in  Eq.  (10)  largely  is  controlled  by 
the  liquid/gas  density  ratio.  This  helps  support  past  observations  that  the  onset  of 
aerodynamic  effects  depends  on  the  liquid/gas  density  ratio  rather  than  dynamic 
properties  related  to  the  liquid  velocity.14,45 

Present  measurements  of  SMDi  are  plotted  in  terms  of  the  variables  of  Eq.  (10) 
in  Fig.  13.  In  doing  this,  Csa  was  optimized  to  a  value  of  0.04,  based  on  taking 
Vq/uq  =  0.058  for  fully  developed  turbulent  pipe  flow.51  In  addition  to  present 
results,  measurements  from  Ref.  14  also  are  shown  on  the  plot,  which  involve  a 
variety  of  liquids  for  conditions  where  aerodynamic  effects  are  not  important.  As 
before,  test  conditions  for  P//pg  >  500,  where  aerodynamic  effects  could  not  be 
identified,  are  shown  as  open  symbols.  The  correlation  of  the  data  for  all  conditions 
generally  is  within  the  scatter  anticipated  from  experimental  uncertainties.  The 
power  of  WefA  from  the  correlation  of  the  data  is  not  —3/5  as  suggested  by 


148 


AERODYNAMIC  EFFECTS  ON  SPRAY  BREAKUP 


271 


Fig.  13  SMD  at  the  initiation  of  turbulent  primary  breakup  as  a  function  of 


Eq.  (9),  however,  and  can  be  represented  by  the  following  empirical  fit  that  is 
shown  on  the  plot: 
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Given  SMD the  approach  to  find  the  location  of  the  onset  of  turbulent  primary 
breakup,  xit  was  similar  to  Ref.  14.  To  find  xit  it  is  assumed  that  the  drop- forming 
eddy  convects  along  the  liquid  surface  with  a  streamwise  velocity  u0  based  on 
the  results  of  Fig.  1 1.  In  addition,  it  was  assumed  that  the  onset  of  breakup  was 
given  by  the  time  for  growth  of  ligaments  until  their  breakup  into  drops,  taken 
to  be  the  Rayleigh  breakup  time.  The  Rayleigh  breakup  time  for  a  ligament  of 
length  £,*,  assuming  that  effects  of  liquid  viscosity  are  small,  is  proportional  to 
zs  discussed  in  Refs.  13  and  14.  This  yields  the  following  expression 
for  Xi  (Ref.  15): 


A 


1  +  C, 


9/10 


(12) 


where  Cx;  is  a  constant  of  proportionality.  Similar  to  Eq.  (9),  aerodynamic  effects 
on  Xj  from  Eq.  (12)  are  controlled  by  the  liquid/gas  density  ratio  alone. 

Both  the  present  measurements  of  x,-  and  those  of  Ref.  14  are  plotted  in  terms  of 
the  variables  of  Eq.  (12)  in  Fig.  14,  adopting  C,0  =  0.04  as  before.  The  correlation 
of  the  data  over  the  full  range  of  aerodynamic  effects  is  reasonably  good  in  view  of 
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WefA 

Fig.  14  Length  to  initiate  turbulent  primary  breakup  as  a  function  WefA. 


the  relatively  large  experimental  uncertainties  of  x-t.  As  before,  however,  the  power 
of  for  the  correlation  of  the  data  is  not  —0.4  as  suggested  by  Eq.  (12)  but 
can  be  represented  better  by  the  following  empirical  expression,  which  is  shown 
on  the  plot: 


A 


1+0.04 


— 1 9/ 10 

I  =  2570  We-°'63 


(13) 


4.  Drop  Sizes 

Aerodynamic  secondary  breakup  times  scale  proportional  to  ti(Pf/Pg)]/2/“o 
for  an  object  of  size  if  the  velocity  of  the  gas  near  the  liquid  surface  is  assumed 
to  be  small.10  Thus,  for  conditions  where  aerodynamic  effects  are  important, 
Rayleigh  breakup  times  increase  more  rapidly  than  do  secondary  breakup  times  as 
i\ ,  increases.  This  implies  a  tendency  for  secondary  and  primary  breakup  to  occur 
simultaneously,  or  to  merge,  as  distance  from  the  jet  exit  increases — a  mechanism 
that  dominated  drop  sizes  near  the  liquid  surface  when  aerodynamic  effects  are 
important,  except  near  the  onset  of  turbulent  primary  breakup. 

Within  the  merged  primary  and  secondary  breakup  regime,  turbulent  primary 
breakup  properties  will  be  found  using  the  results  of  Ref.  14  whereas  aerodynamic 
secondary  breakup  properties  will  be  found  from  Eq.  (4).  The  variation  of  SMD 
with  distance  from  the  jet  exit  for  turbulent  primary  breakup  was  found  assuming 
that  the  SMD  was  proportional  to  the  largest  drop  that  could  be  formed  at  a 
particular,  position  with  the  time  of  breakup  determined  from  the  Rayleigh  breakup 
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time.  Thus,  the  combined  formulation  yields  the  following  expression  for  the  SMD 
after  merged  primary  and  secondary  breakup13: 

pgSMDu\/a  =  CsCll2(x/K)xl\pglpf)VAWesjiRe-/l1  (14) 

where  Cs  and  Csx  are  empirical  constants. 

Present  measurements  of  aerodynamic  turbulent  primary  breakup,  along  with 
some  results  from  Ref.  45,  are  plotted  according  to  the  variables  of  Eq.  (14)  in 
Fig.  15.  The  following  best  fit  correlation  of  present  measurements  also  is  shown 
in  the  plot: 


pgSMDu\/a  =  nti{(xlA)'l\pg/pf)VAWe^Re-/l[l]'A1  (15) 

Additionally,  adopting  the  best  fit  values  of  Cs  and  Csx  in  Eq.  (14),  the  following 
theoretical  prediction  for  SMD  as  a  function  of  distance  is  obtained: 

pgSMDu20/a  =  \2.9{x/A)xl\pg/pf)^WefKRe-ll1  (16) 

with  the  standard  deviation  of  the  constant  of  21%.  Thus,  the  differences  between 
Eqs.  (15)  and  (16)  are  not  statistically  significant,  within  experimental  uncertain¬ 
ties.  Present  measurements  also  are  in  good  agreement  with  the  predictions.  The 
measurements  of  Tseng  et  al.45  however,  definitely  yield  smaller  drop  sizes  after 
merged  primary  and  secondary  breakup.  An  explanation  of  this  behavior  is  that 
these  flows  involved  the  highest  concentrations  of  drops  after  turbulent  primary 
breakup  within  the  database,  so  that  drop  properties  near  the  liquid  surface  could 
be  influenced  by  small  drops  migrating  from  other  parts  of  the  multiphase  mixing 
layer  due  to  turbulent  dispersion. 


Fig.  15  SMD  after  merged  turbulent  primary  and  secondary  breakup  as  a  function 
of  distance  from  the  injector  exit. 
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Fig.  16  SMD  after  turbulent  primary  breakup  as  a  function  of  distance  from  the 
injector  exit,  including  inversion  of  merged  secondary  breakup  effects. 


The  consistency  of  the  merged  primary  and  secondary  breakup  process  also  can 
be  examined  by  inverting  the  process;  namely,  by  computing  the  drop  sizes  that 
should  have  been  observed  after  primary  breakup  in  the  absence  of  aerodynamic 
effects,  SMDp ,  and  comparing  these  results  with  other  measurements  at  similar 
conditions.  To  do  this,  the  nonaerodynamic  turbulent  primary  breakup  correlation 
was  refitted  to  yield14 


SMDp/ A  =  0.65[x/(AU^)f/3  (17) 

This  implies  reasonably  consistent  measurements  of  turbulent  primary  breakup 
with  respect  to  Ref.  14,  where  the  constant  of  Eq.  (17)  was  0.64.  Then  from  the 
fit  of  the  measurements  illustrated  in  Fig.  15,  the  relationship  between  SMD  and 
SMDp  is  given  by 

SMDp/ A  =  3.91  x  lO~3(pg/pf)l/2Ref^SMD/A )2  (18) 

The  measurements  illustrated  in  Fig.  15,  where  primary  and  secondary  breakup 
occurred,  were  inverted  to  get  SMDp ,  using  Eq.  (18).  These  results  are  plot¬ 
ted  in  Fig.  16,  along  with  previous  results  for  turbulent  primary  breakup  where 
aerodynamic  effects  are  not  important  from  Ref.  14.  Aside  from  the  few  results 
of  Ref.  45  mentioned  earlier  in  connection  with  Fig.  15,  the  inverted  aerody¬ 
namic  turbulent  primary  breakup  measurements  are  seen  to  be  in  good  agreement 
with  the  other  results,  supporting  the  idea  of  merging  of  primary  and  secondary 
breakup. 

An  interesting  feature  of  the  results  of  Fig.  16  is  the  progressive  increase  of 
SMD  with  distance  from  the  injector.  The  largest  SMD  values  observed  in  Fig.  16 
approach  the  order  of  magnitude  of  the  radial  integral  scale  of  the  turbulence. 
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Whereas  larger  drops  are  feasible  for  liquid  surfaces  in  general,  this  is  not  the  case 
for  round  liquid  jets  due  to  the  finite  length  of  the  liquid  core.  This  is  indicated  in 
the  figure  using  the  correlation  for  liquid  core  length  from  Grant  and  Middleman.39 
The  fact  that  the  SMD  approaches  A  near  the  end  of  the  liquid  core  is  consistent 
with  the  liquid  column  breaking  up  as  a  whole  in  this  region. 

5.  Breakup  Regimes 

Present  measurements  suggested  three  regimes  of  turbulent  primary  breakup: 

1)  nonaerodynamic  turbulent  primary  breakup,  2)  aerodynamically  enhanced 
turbulent  primary  breakup,  observed  at  onset  conditions,  and  3)  aerodynamic 
turbulent  primary  breakup,  which  involves  merging  of  turbulent  primary  and  sec¬ 
ondary  breakup.  The  results  also  indicted  that  the  boundaries  of  these  regimes 
are  fixed  by  the  liquid/gas  density  ratio  and  the  relative  magnitudes  of  charac¬ 
teristic  Rayleigh  breakup  times  of  ligaments  and  the  secondary  breakup  times  of 
liquid  fragments.  The  breakup  times  used  to  define  these  regimes  were  based  on 
the  SMD  after  primary  breakup,  or  after  the  primary  breakup  stage  of  merged 
primary  and  secondary  breakup,  for  conditions  beyond  the  onset  of  breakup  for 
present  data.  Thus,  the  characteristic  Rayleigh  breakup  time  was  taken  to  be  Xr  ~ 
(PfSMD3 /cr)1/2,  whereas  the  characteristic  secondary  breakup  time  was  taken  to 
be  Tb  ~  ( Pf/Pg)xfl  SMD/uo .  Then  using  Eq.  (18)  to  eliminate  SMD  from  the 
ratio,  the  characteristic  time  ratio  was  taken  to  be 

r*/Tb  =  (ptlpf)xl\xWefhl  A),/3  (19) 

The  resulting  turbulent  primary  breakup  regimes  based  on  present  measure¬ 
ments,  as  well  as  those  from  Refs.  1,  14,  and  45,  are  illustrated  in  terms  of 
Pflpg  and  TR/Tb  in  Fig.  17.  The  total  set  of  measurements  yields  P//pg  =  500 
as  the  aerodynamic/nonaerodynamic  transition,  and  xR/xt  =  4  as  the  enhanced- 
aerodynamic/merged  transition. 

D.  Conclusions 

Primary  breakup  along  the  surface  turbulent  liquids  was  studied,  considering 
liquid  jets  in  still  gases  with  fully  developed  turbulent  pipe  flow  at  the  jet  exit 
(pf/ps  =  104-6230,  Rejd  =90,000-780,000,  Wegd  =  12-3790,  Wefd  =  60,000- 
1,090,000,  and  Ohd  =  0.001 1-0.0052).  The  major  conclusions  of  the  study  are  as 
follows: 

1)  The  presence  of  aerodynamic  phenomena  for  turbulent  primary  breakup 
largely  is  controlled  by  the  liquid/gas  density  ratio.  When  this  ratio  is  less  than 
500,  aerodynamic  phenomena  affect  both  conditions  at  the  onset  of  breakup  and 
drop  sizes  and  velocities  (to  a  lesser  extent)  after  breakup. 

2)  Aerodynamic  enhancement  of  the  onset  of  turbulent  primary  breakup  was  due 
to  the  aerodynamic  pressure  reduction  over  the  tips  of  protruding  liquid  elements. 
This  effect  assists  the  kinetic  energy  of  a  corresponding  liquid  eddy  relative  to  its 
surroundings  to  provide  the  surface  tension  energy  needed  to  form  a  drop,  thus 
allowing  smaller  drops  to  form.  Phenomenological  analysis  based  on  these  ideas 
yielded  reasonable  correlations  of  onset  properties,  Eqs.  (11)  and  (13),  for  the 
enhanced  aerodynamic  breakup  regime  (see  Figs.  13  and  14). 

3)  For  conditions  where  secondary  breakup  times  become  small  in  comparison 
to  Rayleigh  breakup  of  turbulence-induced  ligaments  protruding  from  the  surface, 
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processes  of  primary  and  secondary  breakup  merge  yielding  smaller  drops  than 
when  aerodynamic  effects  are  absent.  The  reduction  of  drop  sizes  at  these  condi¬ 
tions  correlated  reasonably  well  with  results  for  the  secondary  breakup  of  drops 
due  to  shock  disturbances,  yielding  the  correlation  of  Eq.  (16),  see  Fig.  15. 

4)  Drop  size  distributions  after  aerodynamic  turbulent  primary  breakup  approx¬ 
imated  Simmons’31  universal  root  normal  distribution  with  MMD/SMD  =  1.2, 
similar  to  observations  of  other  drop  breakup  processes  as  well  as  drops  in  the  mul¬ 
tiphase  mixing  layers  of  pressure-atomized  sprays.  Additionally,  mass-averaged 
drop  velocities  after  aerodynamic  turbulent  primary  breakup  approximate  mean 
and  rms  velocity  fluctuations  of  the  liquid  in  the  streamwise  and  cross  stream 
directions,  respectively,  although  there  was  a  tendency  for  streamwise  velocities 

to  be  somewhat  reduced  by  aerodynamic  effects. 

A  major  issue  still  open  involves  primary  breakup  of  nonturbulent  liquids  and 
the  relevance  of  the  classical  primary  breakup  theories  of  Taylor54  and  Levich. 
Current  findings,  and  the  observations  of  others,46"49  all  indicate  that  it  is  diffi¬ 
cult  to  observe  the  nonturbulent  primary  breakup  mechanism.  The  main  problems 
are  effects  of  liquid  disturbances,  the  intrusion  of  secondary  breakup,  and  weak 
aerodynamic  effects  for  most  liquids  at  normal  pressure  and  temperature  where 
measurements  are  most  convenient.  Until  these  experimental  difficulties  are  re¬ 
solved,  understanding  of  this  important  primary  breakup  mechanism  will  remain 
limited.  This  is  problematical  because  the  classical  nonturbulent  aerodynamic 
primary  breakup  mechanism  is  likely  to  dominate  breakup  processes  within  com¬ 
busting  sprays  at  the  pressures  typically  found  in  practical  transportation  and 
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propulsion  systems.3-9  Finally,  the  rate  properties  of  primary  breakup  are  not  well 
known,  which  limits  capabilities  for  rational  models  of  the  near-injector  region  of 
sprays. 
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Abstract — Multiphase  flow  phenomena  relevant  to  spray  combustion  are  reviewed,  emphasizing  the 
structure  of  the  near-injector  dense-spray  region  and  the  properties  of  secondary  and  primary  breakup. 
Existing  measurements  of  dense-spray  structure  are  limited  to  round  pressure-atomized  sprays  in  still  gases 
and  show  mat  the  dispersed  flow  region  is  surprisingly  dilute,  that  separated  flow  effects  are  signifleant 
because  the  flow  is  dilute  and  developing,  and  that  atomization  involves  primary  breakup  at  the  liquid 
surface  followed  by  secondary  breakup,  while  effects  of  collisions  are  small.  Available  information  about 
secondary  breakup  emphasizes  breakup  due  to  shock  wave  disturbances  at  large  liquid/gas  density  ratios 
and  shows  that  secondary  breakup  is  a  dominant  feature  of  dense  sprays  that  must  be  resolved  as  a 
function  of  time  so  that  secondary  breakup  can  be  property  treated  as  a  rate  process.  Finally,  available 
information  about  primary  breakup  has  been  dominated  by  effects  of  disturbances  in  the  injector  passage: 
therefore,  while  some  understanding  of  turbulent  primary  breakup  has  been  achieved,  more  information 
about  aerodynamic  primary  breakup  is  needed  to  address  practical  spray  combustion  processes. 

Key  words:  atomization,  dispersed  flow,  injection,  primary  breakup,  secondary  breakup,  sprays 


l.  INTRODUCTION 

There  have  been  numerous  studies  of  non-combusting  and  combusting  sprays,  emphasizing  the 
dilute  region  far  from  the  injector  exit,  where  observations  and  modeling  are  relatively  tractable 
due  to  small  liquid  volume  fractions.  As  a  result,  many  features  of  dilute  sprays  are  understood 
reasonably  well,  see  the  reviews  due  to  Giffen  &  Muraszew(1953),  Levich  (1962),  Harrjc  &  Reardon 
(1972),  Clift  et  ai  (1978).  Lefebrve  (1980,  1983,  1989),  Law  (1982),  Sirignano  (1983),  Wierzba  & 
Takavama  (1988),  Annamalai  &  Ryan  (1992),  Faeth  (1977,  1983,  1987,  1990)  and  references  cited 
therein.  Thus,  attention  now  is  being  directed  to  the  less  accessible  dense-spray  region  near  the 
injector  exit,  in  order  to  determine  how  injector  design  properties  and  the  spray  environment 
influence  flow  properties  entering  the  dilute-spray  region.  Thus,  the  objective  of  this  paper  is  to 
briefly  review  these  efforts  and  to  identify  areas  where  additional  research  is  needed. 

Three  aspects  of  multiphase  flow  relevant  to  spray  combustion  arc  reviewed  as  follows:  (1)  the 
structure  of  the  near-injector  dense-spray  region,  in  order  to  help  define  the  environment  of  various 
dense  spray  processes:  (2)  the  properties  of  secondary  breakup,  which  often  is  the  rate  controlling 
process  of  dense  sprays  in  much  the  same  way  that  drop  vaporization  often  is  the  rate  controlling 
process  of  dilute  sprays;  and  (3)  the  properties  of  primary  breakup,  w'hich  define  initial  conditions 
for  dense  sprays  and  most  directly  connect  injector  design  properties  (hardware)  and  spray 
properties.  Due  to  space  limitations,  however,  present  considerations  will  be  limited  to  processes 
directly  relevant  to  non-evaporating  round  pressure-atomized  sprays  in  still  gases.  Ignoring 
evaporation  is  reasonable  because  the  dense-spray  region  of  combusting  sprays  generally  involves 
cool  portions  of  the  flow  where  rates  of  heat  and  mass  transfer  are  modest.  Additionally  jet  flows 
in  still  gases  are  a  simple  classical  flow  configuration  that  exhibit  most  features  of  dense-sprays 
while  only  requiring  a  few  defining  parameters.  Information  about  other  spray  processes  and 
injection  configurations  can  be  found  in  the  review  articles  cited  earlier,  and  references  cited  therein. 

In  the  following,  dense-spray  structure,  secondary  breakup  and  primary  breakup  will  be 
considered  in  turn.  The  description  of  each  topic  is  sufficiently  complete  so  that  it  can  be  read 
independently,  if  desired. 
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2.1.  Introduction 


2.  DENSE  SPRAY  STRUCTURE 


to  m0us?atP/thT/nWromi2ed  SPr7S  in  3  Sti"  835  are  a  dassical  spray  'hat  will  be  used 

(.».  .m. 

2ulto9d- b)'  Ear,y.S"fS  0f  lhis  sPray  configuration 

including  conditions  required  for  the  important  atomization  breakup  regime  where  drop  formadon 
begins  right  at  the  jet  exit,  see  Reitz  &  Bracco  (1982)  Miesse  (1955)  Ranz 

or  these  conditions,  flow  regimes  and  flow  structure  will  be  considered,  in  turn. 

2.2.  Flow  regimes 

The  atomization  breakup  regime  of  round  pressure-atomized  sprays  is  most  important  because 
L>mh'«”  ^  fi"e  ato™z?“on  needed  for  ™pid  mixing  of  liquid  and  gas  phases  during  practical 

or  ,hc  ‘°w  "l,“” ""  ”*'•'»)«»  r„L  L  bre.”” 

,n,d  m  fi®ur.e  There  are  two  main  multiphase  flow  regions  within  dense  sprays-  namely 
he  .quid  core  and  the  dispersed  flow  region  beyond  the  surface  of  the  liquid  core  As  ”o«d "S' 
he  I, quid  core  ,s  similar  to  the  potential  core  of  a  single  phase  jet.  although  iHs  genemlly  much 

!he8|ii,d°coCre:mP  '  "  *  ('985)  find  the  fo,,owin8  «Pr«si°"  ‘he  length.  L,.  of 

L^fd  —  ^*e  (Pl/Pg  J1*”  JI] 

where  d  is  the  injector  diameter.  pL  and  Pc  are  the  liquid  and  gas  densities  respectively  and  C 
s  an  empirical  constant  in  the  range  7-16.  This  implies \,d  in  the  range  20?5mES  spraS 

of  pr«suP=  ThuTliaurid  h'S  rat,'°  being  ''nVersely  ProP°r‘''°"a>  to  the  square  root 

ot  pressure.  Thus  liquid  cores  are  a  very  prominent  feature  of  round  pressure-atomized  soravs 

The  dispersed  flow  reg.on  beyond  the  liquid  surface  involves  a  developing  mu  tip  asc  mixing 

aye  n  the  reg.on  where  the  liquid  core  is  present,  followed  by  a  multiphase  jet  that  evo  v«  into 

a  d, lute  round  spray  flow.  The  multiphase  mixing  layer  begins  closed  the  jet  exit  ^thin  the 

irreeubr  I°n  ^T'  Pnmar}'  breakuP  occurs  due  t0  ‘he  formation  of  ligaments  and  other 

o  comro  T  TtSr  a!°n,S  thC  SUrfaCC  0f  lhe  core.  Thus,  rates  of  primary  bllakup  tend 

control  the  length  of  the  liquid  core.  The  dense  spray  region  generally  is  associated  whh  the 
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Figure  1.  Sketch  or  lhe  near-injec.or  region  of  a  pressure-aiomized  spray  in  ,he  aiomizaiion  breakup 
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Figure  2.  Time-averaged  liquid  volume  fractions  along  the  axis  of  round  pressure-atomized  water  sprays 
in  still  air  at  various  pressures  for  atomization  breakup  with  fully-developed  turbulent  pipe  flow  at  the 
jet  exit.  From  Tseng  et  al.  (1992a). 

presence  of  the  liquid  core  although  this  definition  is  not  very  precise,  e.g.  the  edge  of  this  region 
is  a  dilute  spray  while  the  region  just  downstream  of  the  liquid  core  has  large  liquid  volume 
fractions  typical  of  a  dense  spray  condition.  The  outcome  of  primary  breakup  frequently  is  irregular 
drops  or  ligaments  while  most  liquid  elements  resulting  from  primary  breakup  arc  unstable  to 
secondary  breakup:  these  are  features  that  are  typical  of  dense  sprays.  Finally,  the  properties  of 
dense  sprays,  or  even  the  existence  of  the  dense  spray  region,  arc  strongly  dependent  upon  liquid 
flow  properties  (disturbance  levels,  vorticity  properties,  turbulence  levels,  etc.)  at  the  jet  exit,  as  will 
be  discussed  later. 

2.3.  Flow  structure 

Ruff  et  at.  (1989,  1991,  1992)  and  Tseng  et  at.  (1992a,  b)  observe  significant  effects  of  the  degree 
of  development  of  turbulence  at  the  jet  exit  on  dense  spray  properties.  Thus,  in  order  to  fix  ideas, 
subsequent  information  about  dense  spray  properties  will  be  limited  to  conditions  where  there  is 
fully-developed  turbulent  pipe  flow  at  the  jet  exit.  Measured  and  predicted  time-averaged  liquid 
volume  fractions  along  the  axis  of  the  dense  spray  region,  5U?  for  water  injected  into  air  at  various 
pressures,  from  Tseng  et  at.  (1992a),  are  illustrated  in  figure  2  as  a  function  of  the  distance  from 
the  jet  exit,  x .  The  measurements  were  completed  by  Ruff  et  at.  (1989)  and  Tseng  et  at.  (1992a) 
by  deconvolving  gamma-ray  absorption  determinations  for  cord-like  paths  through  the  flow; 
notably,  the  two  sets  of  measurements  are  in  excellent  agreement  in  the  region  where  they  overlap. 
The  predictions  are  based  on  a  Favre-averaged  turbulence  model  under  the  locally-homogeneous 
flow  (LHF)  approximation,  where  relative  velocities  between  the  phases  arc  assumed  to  be  small 
in  comparison  to  mean  flow  velocities,  see  Ruff  et  at.  (1989),  for  a  complete  description  of  this 
model. 

The  region  near  the  jet  exit  (x/d  <  3-8)  illustrated  in  figure  2,  exhibits  mean  liquid  volume 
fractions  near  unity,  followed  by  a  rapid  reduction  of  the  liquid  volume  fraction.  The  initial 
reduction  of  liquid  volume  fractions  occurs  at  progressively  smaller  values  of  xfd  as  the  pressure 
increases,  indicating  faster  mixing  rates  at  higher  ambient  gas  densities,  analogous  to  effects  of  flow 
density  ratio  for  single-phase  turbulent  jets,  see  Ricou  &  Spalding  (1961).  There  is  good  agreement 
between  measurements  and  predictions;  nevertheless,  these  conditions  represent  relatively  low  levels 
of  mixing  as  will  be  discussed  subsequently.  For  such  conditions,  LHF  predictions  generally  are 
reasonably  good,  because  separated  flow  effects  due  to  relative  velocity  differences  between  the  gas 
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and  the  liquid  are  not  very  significant  when  the  flow  is  mainly  liquid.  Finally,  although  the  variation 
of  liquid  volume  fraction  suggests  a  relatively  short  liquid  core,  this  is  not  the  case  when  viewed 
in  terms  of  mixture  fraction.  Results  to  be  considered  next  will  show  that  Favre-averaged  mixture 
fractions  are  near  unity  for  all  the  conditions  illustrated  in  figure  2,  so  that  even  low  levels  of 
flapping  of  the  liquid  core  can  explain  the  liquid  volume  fraction  reductions. 

Ricou  &  Spalding  (1961)  have  shown  that  properties  along  the  axis  of  single-phase  variable-den¬ 
sity  jets  should  scale  in  terms  of  a  normalized  density-weighted  streamwise  distance,  (pclpi)inx/dt 
while  Chehroudi  et  ai.  (1985)  recommend  similar  scaling  based  on  their  measurements  of  liquid 
core  lengths  as  discussed  in  connection  with  [I].  Thus,  predicted  and  measured  Favre-averaged 
mixture  fractions  along  the  axis,/e,  where  the  subscript  c  denotes  a  property  along  the  axis  (mixture 
fraction  simply  corresponds  to  the  mass  fraction  of  water  for  these  conditions)  are  plotted  as  a 
function  of  this  vanablc  in  figure  3,  for  the  same  conditions  as  figure  2.  When  plotted  in  this 
manner,  both  measurements  and  predictions  exhibit  little  effect  of  ambient  pressure  and  also  show 
that  hqu.d  volume  fractions  generally  are  near  unity  in  this  region,  as  noted  earlier.  Nevertheless, 
the  LHF  predictions  vastly  overestimate  the  subsequent  rate  of  reduction  of  mass  fractions  with 
increasing  streamwise  distance,  and  thus  the  mixing  rates.  The  corresponding  slower  rates  of  mixing 
along  the  axis  than  LHF  predictions  suggest  significant  effects  of  separated  flow  just  downstream 
of  the  end  of  the  liquid  core.  This  behavior  is  plausible,  because  breakup  of  the  end  of  the  liquid 
core  yields  large  drops  that  maintain  significant  relative  velocities  due  to  their  large  inertia.  Thus, 
separated  flow  effects  are  an  important  feature  of  dense  sprays.  Another  result  illustrated  in  figure 
3  is  the  effect  of  jet  exit  flow  conditions  on  spray  mixing  rates  as  evidenced  by  the  slower  rate  of 
development  of  the  non-turbulent  slug  flow  in  comparison  to  the  fully-developed  turbulent  pipe 
flow  at  the  jet  exit  (most  evident  at  the  farthest  downstream  position). 

Predicted  and  measured  radial  profiles  of  mean  liquid  volume  fractions  at  atmospheric  pressure 
are  plotted  as  a  function  of  radial  distance,  r,  in  figure  4,  for  the  same  conditions  as  figures  2  and 
3.  The  independent  measurements  of  Ruff  et  ai  (1989)  and  Tseng  et  at.  (1992a)  agree  within 
experimental  uncertainties,  except  for  x/d  *  100  where  the  greater  confinement  of  the  flow  studied 
by  Tseng  et  at.  (1992a)  might  be  a  factor.  The  measurements  show  a  progressive  increase  of  flow 
width  with  increasing  distance  from  the  jet  exit.  The  comparison  between  LHF  predictions  and 


Figure  3.  Favre-averaged  mixture  fractions  along  the  axis  of  round  pressure-atomized  water  sprays  in  still 
a,r  at  var,ous  Pr«“res  Tor  atomization  breakup  with  fully-developed  turbulent  pipe  flow  at  the  jet  exit. 

From  Tseng  et  ai  (1992a). 
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measurements  is  reasonably  good,  except  at  larger  values  of  x/d:  Ruff  et  al.  (I9S9)  show  that  this 
difficulty  is  due  to  effects  of  separated  flow  as  the  flow  becomes  more  dilute. 

Tseng  et  al.  (1992b)  directly  assess  effects  of  separated  flow  in  the  dense  spray  region  of  round 
pressure-atomized  sprays  using  double-pulsed  holography  to  measure  drop  size  and  velocity 
distributions,  in  the  mixing  layer,  as  well  as  the  position  of  the  surface  of  the  liquid  core.  These 
results  allowed  the  determination  of  Favre-avcraged  flow  velocities,  for  direct  comparison  with 
LHF  predictions,  assuming  that  the  velocities  of  5  fim  diameter  drops  were  representative  of  gas 
velocities.  The  resulting  measured  and  predicted  streamwise  mean  phase  velocities  (Favre-averaged 
and  gas  phase  velocities)  at  a  typical  streamwise  location  {x/d  «  25)  are  plotted  in  figure  5  for 
ambient  pressures  of  1,  2  and  4  atm.  The  velocities  on  this  plot  are  normalized  by  the  injector  exit 
velocity,  u9.  The  range  of  measured  positions  of  the  liquid  surface  are  also  shown  on  the  plots  for 
reference  purposes.  In  general,  the  measured  Favre-averaged  velocity  is  significantly  greater  than 
the  gas  velocity,  although  the  differences  between  the  two  decrease  as  the  ambient  pressure 
increases.  In  addition,  the  LHF  predictions  are  not  very  satisfactory,  which  is  expected  due  to  the 
presence  of  significant  effects  of  separated  flow. 

Additional  insight  concerning  separated-flow  effects  in  dense  sprays  can  be  obtained  from  the 
structure  properties  plotted  in  figure  6.  The  results  in  this  figure  include  the  ellipticity  of  the  drops, 
e9.  the  Sauter  mean  diameter  of  the  spray,  SMD,  and  drop  velocities,  u9  for  various  drop  diameters. 
d9.  These  results  arc  for  the  same  conditions  as  figure  5,  with  both  data  and  predictions  obtained 
from  Ruff  et  al.  (1992),  but  they  are  typical  of  findings  at  other  conditions  within  the  dense  spray 
region.  The  region  near  the  liquid  surface  consists  of  large,  irregular,  ligament-like  elements  (large 
e9  and  SMD),  even  though  this  spray  had  good  atomization  properties,  while  the  dilute  spray  region 
near  the  edge  of  the  flow  involves  smaller  round  drops.  This  provides  direct  evidence  of  significant 
levels  of  secondary  breakup  in  the  dense  spray  region  near  the  liquid  surface.  In  addition,  the 
dispersed  flow  region,  exterior  to  the  liquid  core,  was  surprisingly  dilute  (with  mean  liquid  volume 
fractions  less  than  0.1%),  see  Ruff  et  al.  (1992)  and  Tseng  et  al.  (1992b);  therefore,  the  large  mean 
liquid  volume  fractions  observed  in  some  portions  of  the  dense  spray  region  are  mainly  due  to  the 


Figure  4.  Radial  profiles  of  time-averaged  liquid  volume 
fractions  along  the  axis  of  round'  pressure-atomized  water 
sprays  in  still  air  at  atmospheric  pressure  for  atomization 
breakup  with  fully-developed  turbulent  pipe  flow  at  the  jet 
exit.  From  Tseng  tt  at.  (1992a). 


Figure  5.  Radial  profiles  of  mean  phase  velocities  for  round 
pressure-atomized  water  sprays  in  still  air  at  various  press¬ 
ures  for  atomization  breakup  with  fully-developed  turbulent 
pipe  flow  at  the  jet  exit.  From  Tseng  <t  at.  (1992b). 
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Figure  6.  Radial  profiles  of  dispcrscd-phasc  properties  for  round  pressure-atomized  water  sprays  in  still 
air  at  atmospheric  pressure  for  atomization  breakup  with  fully-developed  turbulent  pipe  flow  at  the  jet 
exit.  Data  from  Ruff  et  at.  (1992). 


presence  of  the  liquid  core.  The  low  liquid  volume  fractions  within  the  dispersed  flow  region  imply 
that  collisions  between  liquid  elements  are  improbable,  see  Faeth  (1977,  1983,  1987).  Thus,  these 
findings  support  the  conventional  picture  of  atomization  within  dense  sprays,  as  discussed  by  Giflfen 
&  Muraszew  (1953),  which  involves  primary  breakup  into  ligaments  and  large  drops  at  the  liquid 
surface  followed  by  secondary  breakup  into  smaller  round  drops,  with  negligible  effects  of 
collisions. 

A  useful  experimental  finding  of  the  studies  of  Ruff  et  aL  (1992)  and  Tseng  et  al .  (1992b)  was 
that  drop  size  distributions  throughout  the  dense  spray  region  are  well  correlated  by  the  universal 
root-normal  distribution  with  MMD/SMD  =  1.2  due  to  Simmons  (1977),  where  MMD  is  the  mass 
median  drop  diameter  of  the  spray.  Sec  Belz  (1973)  for  a  discussion  of  the  properties  of  this 
distribution  function.  Then,  since  this  distribution  only  has  two  parameters,  the  entire  size 
distribution  can  be  represented  by  the  SMD  alone.  Another  observation  was  that  the  drop  sizes 
after  primary  breakup,  as  well  as  mixing  rates  throughout  the  flow  which  was  noted  earlier,  were 
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very  dependent  upon  flow  conditions  at  the  injector  exit-a  finding  that  parallels  the  well  known 
importance  of  jet  exit  conditions  on  the  development  region  of  single-phase  turbulent  jets 
The  distributions  of  drop  velocities  illustrated  in  figure  6  show  tha't  they  vary  considerably  with 
drop  diameter  at  each  point  in  the  flow,  providing  direct  evidence  of  significant  separated  flow 
effects  in  dense  sprays.  Near  the  liquid  core,  the  largest  drops  have  velocities  comparable  to  mean 
liquid  injection  velocities,  however,  velocities  decrease  with  both  decreasing  drop  sue  and 
increasing  radial  distance.  A  surprising  feature  of  these  observations  is  that  gas  velocities  (which 
approximate  the  velocities  of  the  smallest  drops)  are  low  and  are  nearlv  constant  across  the  width 
of  the  dispersed  flow  region.  This  implies  relatively  ineffective  momentum  exchange  between  the 
phases  because  the  large  drops  contain  most  of  the  momentum  and  they  respond  slowly  to  drag 
forces  due  to  their  relatively  large  inertia.  Finally,  consistent  with  observations  in  connection  with 
figures  -  5.  the  LHF  predictions  illustrated  in  figure  6  are  poor  because  separated  flow  effects  are 
important  within  most  of  the  dense  spray  region. 


2.4.  Conclusions 

Based  on  the  study  of  the  structure  and  mixing  properties  of  dense  sprays  found  near  the  injector 
for  round  pressure-atomized  sprays  in  still  gases,  the  following  major  conclusions  are  obtained: 

(1)  The  large  liquid  volume  fractions  observed  in  dense  sprays  generally  are  due  to  the 
presence  of  the  liquid  core:  in  contrast,  liquid  volume  fractions  in  the  dispersed  flow  region 
beyond  the  liquid  surface  are  small,  less  than  0.1%.  so  that  the  flow  in  this  region 
corresponds  to  a  dilute  spray  but  with  added  complications  due  to  the  presence  of  irregular 
liquid  elements  and  secondary  breakup. 

(2)  Measurements  generally  support  the  traditional  view  of  atomization  expressed  by  Giffen 
&  Muraszew  (1953);  namely,  primary  breakup  at  the  liquid  surface  is  followed  by 
secondary  breakup  in  a  dilute  spray  environment  where  effects  of  drop  collisions  are 
negligible  (except  for  spray  conditions  that  strive  for  significant  effects  of  collisions  to 
enhance  breakup  rates,  such  as  impinging  injectors). 

(3)  Rates  of  mixing,  drop  properties  and  flow  structure  within  dense  sprays  are  strongly 
dependent  on  the  degree  of  flow  development  and  turbulence  levels  at  the  jet  exit,  and  on 
the  liquid/gas  density  ratio,  somewhat  analogous  to  the  effect  of  these  properties  on  the 
structure  of  the  flow  development  region  of  single-phase  jets. 

(4)  Effects  of  separated  flow  are  important  within  dense  sprays,  with  significant  differences 
between  the  velocities  of  large  drops  and  the  gas  due  to  the  poor  response  properties  of 
large  drops.  Thus.  LHF  predictions  of  the  structure  of  dense  sprays  are  not  very  effective, 
except  at  the  highest  liquid  volume  fractions  where  the  momentum  of  the  gas  and  small 
drops  is  negligible  in  any  event. 

(5)  Drop  size  distributions  after  primary  breakup,  as  well  as  after  secondary  breakup  and  on 
approach  to  the  dilute  spray  region,  all  satisfied  the  universal  root-normal  drop  size 
distribution  with  MMD/SMD  -  1.2  due  to  Simmons  (1977)  at  each  point  in  dense  sprays; 
therefore,  the  entire  drop-size  distribution  can  be  characterized  bv  a  single  moment  e  g 
the  SMD. 


3.  SECONDARY  BREAKUP 

3.1.  Introduction 

Based  on  the  previous  considerations  of  the  structure  of  the  dense  spray  region  for  round 
pressure-atomized  sprays,  secondary  breakup  clearly  is  an  important  process  of  dense  sprays 
through  its  effect  on  drop  size  distributions  as  the  dilute  spray  region  is  approached  In  particular’ 
pnmary  breakup  at  the  surface  of  the  liquid  core  yields  drops  that  are  intrinsically  unstable  to 
secondary  breakup.  In  addition,  high-pressure  combustion  for  typical  power  and  propulsion 
systems  involves  conditions  where  the  surface  tension  of  drops  becomes  small,  because  the  liquid 
surface  approaches  the  thermodynamic  critical  point;  naturally,  such  conditions  suggest  potential 
for  significant  effects  of  drop  deformation  and  secondary  breakup.  Prompted  by  these  observations 
current  understanding  of  secondary  breakup  will  be  discussed  in  the  following. 
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Giffen  Sc  Muraszew  (1953).  Levich  (1962),  Harrje  Sc  Reardon  (1972).  Clift  et  a/.  (1978),  Wierzba 
&  Takayama  (1988),  Hinze  (1955)  and  Krzeczkowski  (1980)  have  reviewed  early  work  on  secondary 
breakup,  therefore,  the  following  discussion  will  emphasize  more  recent  studies.  Of  particular 
interest  are  the  studies  of  Hsiang  Sc  Faeth  (1992,  1993,  1995)  and  Hsiang  et  al.  (1995)  which  have 
considered  breakup  regimes,  breakup  dynamics  and  the  outcomes  of  breakup.  In  general,  past  work 
has  been  limited  to  two  kinds  of  well  defined  disturbances  that  cause  deformation  and  breakup 
of  drops:  shock  wave  disturbances  that  provide  step  changes  in  the  ambient  environment  of  a  drop 
typical  of  a  drop  at  the  end  of  primary  breakup;  and  steady  disturbances  typical  of  freely-falling 
drops  in  rainstorms  or  in  spray  drying  processes.  Effects  of  shock  wave  disturbances  have  received 
the  most  attention  and  approximate  the  secondary  breakup  environment  of  dense  sprays;  therefore, 
these  disturbances  will  be  emphasized  in  the  following.  Deformation  and  breakup  regimes,  breakup 
dynamics  and  breakup  outcomes  will  be  considered,  in  turn. 


3.2.  Deformation  and  breakup  regimes 

Numerous  studies  have  considered  the  definitions  and  conditions  for  the  onset  of  various 
deformation  and  breakup  regimes  of  drops  subjected  to  shock  wave  disturbances.  When  effects  of 
liquid  viscosity  are  small,  the  breakup  regime  observed  at  the  onset  of  breakup  has  been  termed 
bag  breakup,  it  involves  deflection  of  the  drop  into  a  thin  disk  normal  to  the  flow  direction, 
followed  by  deformation  of  the  center  of  the  disk  into  a  thin,  balloon-like  structure,  both  of  which 
subsequently  divide  into  drops,  see  Wierzba  &  Takayama  (1988),  Hinze  (1955),  Krzeczkowski 
(1980),  Hanson  et  al.  (1963),  GelTand  et  al.  (1974),  Ranger  Sc  Nicholls  (1969)  and  Reinecke  Sc 
McKay  (1969)  and  Reinecke  Sc  Waldman  (1970)  for  photographs  of  all  the  breakup  regimes 
discussed  here.  The  shear  breakup  regime  is  observed  at  higher  relative  velocities:  it  'involves 
deflection  of  the  periphery  of  the  disk  in  the  downstream  direction,  rather  than  deflection  of  the 
center  of  the  disk,  and  the  stripping  of  drops  from  the  periphery  of  the  disk.  The  transition  between 
the  bag  and  shear  breakup  regimes  is  a  complex  mixture  of  the  two  bounding  regimes  which  will 
be  denoted  the  multimode  breakup  regime  in  the  following.  A  complex  breakup  mechanism  also 
has  been  observed  at  very  large  relative  velocities,  which  has  been  called  catastrophic  breakup  by 
Reinecke  Sc  McKay  (1969)  and  Reinecke  Sc  Waldman  (1970),  nevertheless,  this  regime  is  not  seen 
in  typical  dense  sprays  and  will  not  be  considered  here. 

Existing  observations  of  secondary  breakup  have  generally  involved  pjpc  >  500  and  Re  >  100. 
where  Re  =  Pcdw//xc  and  pQ  is  the  molecular  viscosity  of  the  gas.  For  these  conditions,  Hinze  (1955) 
shows  that  breakup  regime  transitions  arc  functions  of  the  initial  Weber  number  of  a  drop. 
We  =  Pcd9ui:c.  where  c  is  the  drop  surface  tension  and  the  subscript  o  denotes  an  initial  condition, 
and  the  Ohnesorge  number  of  a  drop.  Oh  **  jq./(pL<4°’)r%  where  pL  is  the  molecular  viscosity  of 
the  liquid,  which  are  measures  of  the  ratios  of  drag  and  liquid  viscous  forces  to  surface  tension 
forces,  respectively.  The  resulting  deformation  and  breakup  regime  map  based  on  available  results 
from  Hinze  (1955),  Krzeczkowski  (1980),  Hsiang  &  Faeth  (1992,1993.1995).  Hanson  (1963).  Lane 
(1951)  and  Loparev  (1975)  is  illustrated  in  figure  7.  The  various  breakup  regimes  identified  by  Hinze 
(1955).  Krzeczkowski  (1980)  and  Hsiang  Sc  Faeth  (1992,  1995)  are  in  excellent  agreement  in  the 
regions  where  they  overlap;  in  view  of  the  subjective  nature  of  identifying  breakup  regime 
transitions,  this  degree  of  agreement  is  quite  satisfying.  The  transitions  to  the  deformation  regimes 
are  important  because  they  define  conditions  where  drop  drag  departs  significantly  from  that  of 
a  solid  sphere:  these  regimes  are  defined  by  the  ratio  of  the  maximum  (cross  stream)  dimension 
to  the  original  drop  diameter.  The  oscillatory  deformation  regime  is  defined  by  conditions  where 
the  drop  oscillates  w'ith  a  weakly  damped  amplitude,  see  Hsiang  Sc  Faeth  (1992)  for  discussion  of 
this  behavior. 

All  regime  transitions  illustrated  in  figure  7  arc  relatively  independent  of  liquid  viscous  forces 
(or  Oh)  for  Oh  <0.01.  The  order  of  the  transitions  with  increasing  We  in  this  region  from  Hsiang 
Sc  Faeth  (1995)  is  as  follows:  5%  deformation.  We  =  0.6;  10%  deformation.  We  =1.0;  20% 
deformation.  We  =  2.1;  oscillatory  deformation.  We  =  3.0;  bag  breakup,  Wc=13;  multimode 
breakup.  We  =  35:  and  shear  breakup.  We  =  80.  As  noted  earlier,  the  We  at  breakup  regime 
transitions  due  to  Hinze  (1955)  and  Krzeczkowski  (1980)  are  similar  to  these  results.  These  findings 
suggest  quite  plausibly  that  significant  levels  of  deformation  and  breakup  occur  when  dynamic 
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Figure  7. 


Drop  deformation  and  breakup  regime  map  for  shoek-wave  disturbances  with  liquid,  gas  density 
ratios  greater  than  300.  From  Hsiang  &  Faeth  (1993).  7 


forces  (or  drag  forces)  are  comparable  to  the  stabilizing  forces  of  surface  tension  if  effects  of  liquid 
viscosity  arc  small.  ^ 

Perhaps  the  most  striking  feature  of  figure  7  is  that  while  the  values  of  We  required  for  particular 

Oh'TnVnhlTt  are;;!atiVe'y  C°nStam  f°r  °h  <  °  ‘-  they  ProSrcss> vely  increase  with  increasing 
Oh  for  Oh  >  I  In  addition  oscillatory  deformation  disappears  at  Oh  0.3  and  bag  breakup 

of TT  ^  4‘  Hm2e,(l955)  and  Levich  (1962)  observed  this  tendency  for  the  limited  ranges 

i  n^TC,  TuCfC  aVa,'aLble,at  the  ,ime-  and  conjectured  that  breakup  might  not  be  observed 
for  Oh  >  I  to  2.  However,  the  large  Oh  behavior  observed  in  figure  7  does  not  suggest  such  a 
limitation;  rather,  there  is  an  almost  linear  increase  of  We  at  the  deformation  and  breakup 
transitions  with  increasing  Oh.  y 

Clearly,  it  is  crucial  to  establish  whether  large  values  of  Oh  imply  no  deformation  or  breakup 
as  suggested  by  H.nze  (1955)  and  Levich  (1962).  or  simply  rather  large  values  of  We  at  the 
transitions  as  suggested  by  the  measurements  illustrated  in  figure  7;  therefore.  Hsiang  &  Faeth 
(1995)  undertook  phenomenological  analysis  in  an  attempt  to  explain  the  effect  of  Oh  on 
deformation  and  breakup  regime  transitions.  Their  approach  was  based  on  the  observation  that 
the  main  effect  of  liquid  viscosity  for  shock  wave  disturbances  was  to  reduce  the  rate  of  deformation 
o  the  drop.  This  behavior  allows  more  time  for  drop  velocities  to  relax  toward  the  local  ambient 
velocity  at  large  Oh  tending  to  reduce  the  relative  velocity,  and  thus  the  driving  potential  Tor  drop 
deformation,  at  each  stage  of  the  deformation  process.  The  motion  of  the  drop  was  analyzed  for 
esc  circumstances,  assuming  Oh»  I  so  that  maximum  deformation  occurred  at  a  multiple  of  the 
characteristic  viscous  time,  r.  of  Hinze  (1948),  defined  as  follows: 


x  =Fi./(Pc«i) 


[2] 
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This  analysis  yielded  ihe  following  relationship  between  We  and  Oh  for  particular  deformation  or 
breakup  transitions  at  large  Oh: 

We  =  (WeCf/4)(I  +  4  X'We-'  :(Pc/Pi)'  :Oh)  [3] 

in  [3].  WeCf  is  the  local  Weber  number  at  the  maximum  deformation  condition  required  for  the 
transition  of  interest  to  occur,  while  X”  is  an  empirical  factor.  Values  of  WeCT  and  k'  were  fitted 
to  [3]  to  yield  the  best  fit  predicted  transitions  at  large  Oh  illustrated  in  figure  7:  in  view  of  the 
simplifications  of  the  theory,  the  agreement  between  the  predicted  and  measured  regime  transitions 
is  seen  to  be  reasonably  good.  Notably,  [3]  suggests  that  transition  We  -  Oh  at  large  Oh  rather 
than  an  ultimate  limit  for  particular  transitions  as  suggested  by  Hinze  (1955)  and  Levich  (1962). 
This  is  a  very  important  difference  in  behavior  that  has  significant  relevance  for  processes  of 
high-pressure  combustion,  where  Oh  becomes  large  as  drops  approach  their  thermodynamic  critical 
point  (because  their  surface  tension  approaches  zero  while  their  viscosity  remains  finite).  Another 
issue  concerning  [3]  is  the  effect  of  liquid/gas  density  ratio,  which  suggests  further  increases  in  We 
at  a  given  transition  as  pc/pL  increases,  a  parameter  variation  that  has  not  been  explored  thus  far. 
Thus,  the  large  Oh  regime  transition  criteria  of  [3]  clearly  merit  additional  study,  emphasizing  the 
large  Oh  and  pc!pi  conditions  relevant  to  high-pressure  spray  combustion  processes. 

3.3.  Breakup  dynamics 

The  discussion  of  deformation  and  breakup  regime  transitions  highlights  the  importance  of 
breakup  times  and  already  has  introduced  the  characteristic  breakup  time,  r,  when  liquid  viscous 
forces  are  large  in  comparison  to  surface  tension  forces  at  large  Oh,  see  [2].  Available  measurements 
of  drop  breakup  times  from  Engel  (1958),  Simpkins  &  Bales  (1972).  Ranger  &  Nicholls  (1969) 
Reinecke  &  Waldman  (1970)  and  Hsiang  &  Faeth  (1992)  arc  plotted  as  a  function  of  We  and  Oh 
in  figure  8.  In  this  plot,  the  breakup  times,  rb,  are  normalized  by  the  characteristic  breakup  time 
for  shear  breakup  at  low  Oh.  /*,  defined  by  Ranger  &  Nicholls  (1969)  as  follows: 

'•“4(Pl/Pg),'>.  M 

Except  for  the  results  of  Hsiang  &  Faeth  (1992),  which  are  grouped  according  to  Oh.  the 
measurements  are  for  Oh  <  0.1:  therefore,  the  deformation  and  breakup  regimes  defined  earlier  for 
these  conditions  are  marked  on  the  plot  for  reference  purposes. 
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Figure  8.  Drop  breakup  times  as  a  function  of  the  Weber  and  Ohncsorge  numbers  for  shock-wave 
disturbances  with  liquid  gas  density  ratios  greater  than  500.  From  Hsiang  <&  Faeth  (1992). 
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A  remarkable  feature  of  the  breakup  time  results  illustrated  in  figure  3  for  Oh  <  0  1  is  that  r  if 
vanes  very  I, tile  even  though  We  varies  widely  and  several  breakup  regimes  are  involved  In  fact 
the  correlation  developed  for  shear  breakup  by  Ranger  &  Nicholls  (1969): 


tjfm  5.0 


[5] 


provides  a  good  representation  of  all  the  measurements  illustrated  in  figure  8  for  Oh  <  0  I  At  larger 

SLs”riier^„‘thTSeS  «•*  ofJL^s 

discussed  earlier.  In  this  region  an  empirical  correlation  is  defined  by  Hsiang  &  Faeth  (199?)  but 

Se  ch™-«!S  *  aPP-°Pnate  f°r  °h  < 15’  Surprisingly,  no  attempt  has  been  made  to  apply 

the  characteristic  viscous  time.  r.  to  correlate  breakup  times  at  large  Oh:  this  should  be  done^n 

a'be'tter  u^dirsi  'h  dcvc'°P™"'  of  the  large  Oh  regime  transition  criteria  of  (3]  and  to  gain 
a  better  understanding  of  deformation  and  breakup  behavior  at  large  Oh  * 

Drops  undergo  significant  deformation  in  the  period  prior  to  the  onset  of  breakup  As  discussed 

rh  VnWl  im°  flattCned  (°blaIe  Sph'roid>  shap«  »  the** relative  motion 
o  the  gas  phase  which  affects  their  motion  by  influencing  drag  forces.  Hsiang  &  Faeth  (199?)  have 

considerimf  Imth  r|tlVe  ^  ***??  ^  °f  drop  d^rmations  fof  steady  distances 

rans  d=nn|  boih  drop-gji  ,„d  drop-immiseibk  liquid  tnvironmtnis.  Phenomenological  anslyi.s 

T°^Sir '  °n or‘'"” to “™‘ »r  1 1* 

tJiameter,  <4^,.  and  the  minimum  streamwise  diameter,  as  follows:  K 

4-/4*.  =  (I  +  0.07We,,!),I  We  <  20  f6] 

where  the  second  relationship  needed  to  find  d  and  d  is  oivrn  hv  j  s'-  -n.  .  • 

2l:TcdePCndT  °f  °h  -'ll?  e*perimental  unceruinties.  which7s"  rwsonable  b^auMlfqlrid 
viscous  forces  mainly  act  to  inhibit  the  rate  of  deformation  for  unsteady  conditions  after  shock 

Ztrh’r  T5;,  :  hm,‘at  °n  °f  WC  in  [6]  f0l,0ws  drops  shatter  at  We  *  20  for  steady 

«rima  red^hv  *V‘.  -°P  °™a',0nS  f°r  Sh0ClC  W3Ve  disturbances  are  appreciably  larger  than 

S  ihavi-or  ,nert'  ^  HSiang  &  FaCth  (1"2)  f0r  initial  attemPts  ‘0  quantify 

sec?onTal°nr?hU^  **  ^  °"  3  df°P  t0  increa“  due  <°  both  the  increasing  cross- 

sectional  area  of  the  drop  and  an  increase  of  the  drag  coefficient,  CD.  Hsiang  &  Faeth  (199?)  have 

reported  measurements  of  the  effect  of  deformation  on  the  drag  coefficL.s  for  shock  wavc 
disturbances  at  Oh  <  0.1  and  Re  in  the  range  1000-2500  where  effects  of  Re  on  the  drag  coefficient 
of  drops  is  expected  to  be  small,  see  Faeth  (1987).  It  was  found  that  CD  largely  was  a  function 
of  deformations  at  these  conditions  and  could  be  correlated  in  terms  of  djd.  as  illustrated  in  figure 

obtained  tomhWffirn974rfdr?K  d'ameter-  Measuremems  of  CD  for  solid  spheres  and  thin  dfsks. 
obtained  from  White  (1974)  for  the  same  range  of  Re.  also  are  illustrated  on  the  plot.  In  genera! 

Srrrtd-Tu,ts^soh  sphercs  when  is  n“r  uni^ **»  <>*"  »  apPr0?ch 

where  d^n  h"  ^  tl  ^  7  2  (Wh'Ch  'S  representative  of  maximum  deformations  at  th^  point 

where  d  op  breakup  begins).  Later  work  by  Hsiang  &  Faeth  (1995)  showed  that  CJC^  wffiere 

indln  dhC,d^h  C°effiC'fu‘  °f.a  S0'ld  Sphere  at  the  samc  Reynolds  number,  were  relatively 
We  Oh  'nd  Re  a  T  (Sb°Ck  ^  0r  S"ady)' lhe  drop/surroundings  density  ratio! 

9  T^^ncreare  of  rad  °f  deformati°n  alone  along  the  lines  of  figure 

factors  of  rou^hK-  ‘°  d!stortion’  “uses  drag  forces  to  increase  by 

and  <h  °f/0Ughl>.4  3nd  13  at  deformation  conditions  typical  of  the  onset  of  breakup  for  steady 

fTS  M  ^  .i 

3.4.  Breakup  outcomes 

Under  the  assumption  that  breakup  times  and  distances  are  small  in  comparison  to  characteristic 
dense  spray  residence  times  and  distances,  secondary  breakup  can  be  treated  using  jump  conditions 
For  this  approach  to  be  workable,  information  about  drop  size  and  velocity  distributions  after 

(1963)  foTthreCb!UPh'S  T  Early  measurements  along  these  lines  were  reported  by  GelTand  er  al. 
(I963)  for  the  bag  breakup  regime,  but  this  information  was  too  limited  to  provide  general  guidance 
about  the  drop  sizes  produced  by  secondary  breakup.  Later  work  by  Hsiang  &  Faeth  (1992.  1993 
1995)  using  pulsed  holography  achieved  a  more  complete  description  of  the  outcomes  of  secondary 
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Figure  9.  Drop  drag  coefficient  prior  to  breakup  zs  a  function  of  deformation  for  ihock-wave  disturbances 
with  liquid/gas  density  ratios  greater  than  500.  From  Hsiang  &  Faeth  (1992). 


breakup  for  shock  wave  disturbances  at  pL/pc  >  500  and  Oh  <  0.1.  Some  of  the  main  findings  of 
this  work  will  be  discussed  in  the  following. 

Similar  to  observations  discussed  earlier  for  the  dense  spray  region,  Hsiang  &  Faeth  (1992,  1993, 
1995)  found  that  drop  si2e  distributions  after  secondary  breakup  could  be  represented  by  the 
universal  root-normal  distribution  with  MMD/SMD  *  1.2,  due  to  Simmons  (1977),  sec  Belz  (1973) 
for  a  discussion  of  the  properties  of  the  root-normal  distribution  function.  This  behavior  was 
observed  for  the  bag,  multimode  and  shear  breakup  regimes,  but  only  if  the  core  or  parent  drop 
was  removed  from  the  distribution  for  the  shear  breakup  regime.  This  behavior  is  illustrated  in 
figure  10  for  shear  breakup  involving  a  variety  of  drop  liquids.  Thus,  given  the  universal  root 
normal  drop  size  distribution,  drop  sizes  are  fully  prescribed  by  the  SMD  alone,  except  for  shear 
breakup  where  the  properties  of  the  core  drop  must  be  prescribed  independently  as  well. 

A  correlating  expression  for  the  SMD  after  secondary  breakup  was  developed  considering  the 
shear  breakup  regime.  The  analysis  focuses  on  the  stripping  of  liquid  from  the  core  drop  as 
illustrated  in  figure  II.  It  was  assumed  that  the  relative  velocity  at  the  time  of  breakup  can  be 
represented  by  the  initial  relative  velocity,  that  the  drop  sizes  after  breakup  are  comparable  to  the 
thickness  of  the  laminar  boundary  layer  that  forms  in  the  liquid  along  the  front  surface  of  the  drop 
due  to  its  motion,  that  the  characteristic  liquid  phase  velocities  arc  on  the  order  of  (Pg/Pl),/2w«» 
as  suggested  by  Ranger  &  Nicholls  (1969)  for  shear  breakup,  and  that  the  SMD  is  dominated  by 
the  largest  drop  sizes  in  the  distribution  so  that  the  length  of  the  liquid  phase  boundary  layer  is 
proportional  to  the  initial  drop  diameter,  d0.  Based  on  these  ideas,  the  following  expression  was 
obtained  as  the  best  fit  of  the  available  SMD  measurements,  see  Hsiang  &  Faeth  (1992): 

PcSMDuHa  =  6.2(  Pt_/pG  )l/4(Pt /(  Pl4>  0],/2We  [7] 

Surface  tension  has  been  introduced  into  [7]  in  order  to  simplify  discussion  of  the  potential  for 
subsequent  breakup.  Consistent  with  its  derivation,  however,  surface  tension  actually  does  not 
influence  the  final  SMD.  Instead,  the  main  physical  properties  controlling  the  SMD  are  pL,  pL 
and  pG. 

The  available  measurements  of  SMD  after  secondary  breakup,  along  with  the  correlation  of  [7], 
are  illustrated  in  figure  12.  Remarkably,  a  single  correlation  developed  for  the  shear  breakup  regime 
expresses  the  SMD  after  bag,  multimode  and  shear  breakup.  This  behavior  still  needs  to  be 
explained,  although  other  properties  like  breakup  time  are  also  relatively  independent  of  the 
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Figure  10.  Drop  diameter  distribution  after  shear  breakup  (eaduding  the  parent  drops)  for  shock-wave 
disturbances  wuh  iiqu.d/gas  density  ratios  greater  than  500.  From  Hsiang  &  Faeth  (1993). 


Figure  II.  Sketch  of  the  shear  breakup  process  for  shock-wave  disturbances.  From  Hsiang  &  Faeth  (1992). 
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breakup  regime,  as  noted  earlier.  The  results  illustrated  in  figure  12  are  in  terms  of  a  Weber  number 
based  on  the  SMD  after  breakup  and  the  initial  relative  velocity.  Superficially,  it  is  evident  tha; 
this  Weber  number  exceeds  criteria  for  secondary  breakup  at  low  Oh.  as  indicated  on  the  plot 
which  implies  that  a  large  fraction  of  the  drops  formed  by  breakup  should  still  be  unstable  for 
subsequent  breakup  (in  particular,  more  than  half  the  mass  of  the  spray  formed  by  breakup  has 
drop  diameters  greater  than  the  SMD  since  MMD/SMD  =  1.2).  Nevertheless,  there  was  nc 
evidence  of  subsequent  breakup  of  large  drops.  The  reason  for  this  behavior  was  explored  b> 
studying  the  properties  of  the  parent  drop  itself  as  discussed  next. 

The  velocity  and  size  of  the  parent  drop  at  the  end  of  shear  breakup  must  be  known  in  order 
to  treat  it  separately  from  the  rest  of  the  drop  population.  These  considerations  are  described  b> 
Hsiang  &  Faeth  (1995),  where  a  simplified  analysis  was  developed  to  estimate  parent  drop  velocities 
at  the  end  of  breakup.  The  main  assumptions  of  this  analysis  were  that  gas  velocities,  drop  mass 
and  the  drag  coefficient  were  constant  over  the  period  of  breakup,  while  the  time  of  breakup  was 
taken  to  be  :bftm  =  5.0.  In  spite  of  the  simplifications,  the  resulting  correlation  proved  to  be  effective 
for  estimating  parent  drop  velocities  at  the  end  of  breakup.  Parent  drop  velocity-measurements 
showed  that  the  relative  velocities  of  the  parent  drop  at  the  end  of  breakup  were  30—40%  lower 
than  the  initial  relative  velocity.  This  still  implied  that  the  local  Weber  numbers  of  the  parent  drop 
at  the  end  of  breakup  generally  were  greater  than  the  critical  Weber  number  for  shock  wave 
disturbances  (We  =  13).  Thus,  the  criterion  for  the  end  of  parent  drop  stripping  is  more  related 
to  conditions  for  breakup  due  to  more  gradual  drop  motions,  which  is  plausible  because  the  parent 
drop  has  appreciable  time  to  adjust  to  the  flow  over  the  breakup  period.  Deformation  and  breakup 
transitions  for  gradual  disturbances  generally  are  correlated  in  terms  of  the  Eotvos  number,  Eo, 
which  is  defined  as  follows: 

Eo  **apLd2/ff  (8] 


(P c/PiT'"  lnL/<PLdtJ0)I1'3  (pcdu;)/o 

Figure  12.  Correlation  of  SMD  after  secondary  breakup  for  shock-wave  disturbances  with  liquid. gas 
density  ratios  greater  than  500.  From  Hsiang  &  Faeth  (1992). 
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Figure  13.  Correlation  of  drop  velocities  after  secondary  breakup  for  shock-wave  disturbances  with 
liquid. gas  density  ratios  greater  than  500.  From  Hsiang  A  Facth  (1993). 


for  conditions  where  pjpc»  I.  where  a  is  the  local  acceleration  of  the  drop.  It  was  found  that  drop 
stripping  for  shear  breakup  ended  when  Eo  =  16  for  the  parent  drop.  Finally,  this  expression  yields 
the  parent  drop  diameter  at  the  end  of  breakup  based  on  estimates  of  parent  drop  acceleration  from 
the  simplified  analysis  for  parent  drop  velocities,  see  Hsiang  &  Facth  (1993)  for  the  details  of  this 
correlation.  With  drop  diameter  distributions  defined  after  secondary  breakup,  and  parent  drop 
diameters  and  velocities  defined  after  shear  breakup,  the  final  problem  is  to  obtain  the  correlation 
between  drop  sizes  and  velocities  (other  than  for  the  parent  drop)  after  breakup.  This  was  done 
using  the  same  approach  as  the  analysis  to  find  parent  drop  velocities,  finally  yielding  the  following 
drop  size  and  velocity  correlation  due  to  Hsiang  &  Faeth  (1993): 

ujub-\=2.mPoipLy!'-djd)*i  pi 

where  is  the  velocity  of  drops  having  diameter  d  at  the  end  of  the  breakup  period.  The 
drop-size, /velocity  correlation  based  on  [9]  is  illustrated  in  figure  13.  The  experimental  results 
involve  a  variety  of  drop  liquids  over  the  bag,  multimode  and  shear  breakup  regimes.  The 
measurements  clearly  are  independent  of  the  breakup  regime  and  arc  correlated  reasonably  well 
by  (9],  Results  for  the  parent  drops  also  are  illustrated  in  figure  13,  and  exhibit  a  fair  correlation 
with  [9]:  nevertheless,  the  specific  parent  drop  velocity  expression  is  recommended  instead  because 
it  provides  a  much  better  estimate  of  parent  drop  velocities. 

Finally,  the  variation  of  drop  velocities  with  size  implies  that  secondary  breakup  processes  extend 
over  a  considerable  region  of  space.  For  example,  parent  drops  move  30-40  initial  drop  diameters 
during  the  period  of  breakup  while  the  largest  and  smallest  drops  in  the  size  distribution  become 
separated  by  more  than  100  initial  drop  diameters.  In  addition,  limes  of  breakup  extend  for  5.5r*, 
at  low  Ohnesorge  numbers,  and  progressively  increase  with  increasing  Ohnesorge  number.  Thus, 
in  some  instances,  secondary  breakup  is  more  properly  treated  as  a  rate  process,  somewhat  like 
drop  vaporization,  rather  than  as  an  instantaneous  process  that  can  be  characterized  by  jump 
conditions.  Such  conditions  arc  frequently  encountered  at  high  pressures,  where  the  dense  spray 
region  becomes  relatively  short  as  discussed  in  connection  with  [1],  see  Ruff  et  al.  (1992)  for  a 
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detailed  discussion  of  this  scaling.  As  a  result,  the  focus  of  current  research  on  the  outcomes  of 
secondary  breakup  is  shifting  from  outcomes  as  jump  conditions  for  a  rapid  breakup  process,  to 
outcomes  as  a  rate  process,  see  Hsiang  et  al .  (1995)  for  initial  work  along  these  lines  limited  to 
shear  breakup  at  low  Ohnesorge  numbers. 

3.5.  Conclusions 

Secondary  breakup  of  drops  has  been  considered,  emphasizing  shock-wave  disturbances  for  a 
variety  of  liquids  in  air  at  normal  temperature  and  pressure.  The  main  conclusions  arc  as  follows: 

(1)  Drop  deformation  and  breakup  begin  at  We  ^  I  and  10,  respectively,  at  low  Oh;  however, 
these  transitions  become  proportional  to  Oh  at  large  Oh,  e.g.  Oh  >  10.  This  inhibition  of 
deformation  and  breakup  at  large  Oh  is  important  for  high  pressure  combustion  processes 
where  drops  reach  large  Oh  as  their  surface  approaches  the  thermodynamic  critical  point. 

(2)  Drop-size  distributions  after  secondary  breakup  satisfy  the  universal  root-normal  distri¬ 
bution  with  MMD/SMD  «  1.2  due  to  Simmons  (1977),  similar  to  other  observations 
within  dense  sprays  (except  for  the  parent  drop  for  shear  breakup  which  must  be  treated 
separately).  Thus,  the  drop-size  distribution  after  secondary  breakup  is  completely  defined 
by  the  SMD  alone. 

(3)  The  SMD  after  secondary  breakup  could  be  correlated  rather  simply  in  terms  of  a 
characteristic  liquid  boundary  layer  thickness  for  all  three  secondary  breakup  regimes,  see 

VI 

(4)  The  relative  streamu'ise  velocities  of  drops  after  secondary  breakup  arc  reduced  30-70%, 
depending  on  drop  size,  from  the  initial  relative  velocity.  These  effects  were  correlated 
reasonably  well  based  on  a  simplified  analysis  of  drop  motion,  see  (9]. 

(5)  The  streamwise  velocity  and  size  of  the  parent  drop  after  shear  breakup  could  be  correlated 
successfully  based  on  simplified  considerations  of  drop  motion  during  breakup,  and  the 
observation  that  Eo  =  16  for  the  parent  drop  at  the  end  of  drop  stripping,  sec  Hsiang  & 
Faeth  (1995). 

(6)  Secondary  breakup  in  dense  sprays  is  not  properly  represented  by  jump  conditions  at  the 
high  pressures  of  many  practical  spray  combustion  devices.  Under  such  circumstances, 
secondary  breakup  should  be  treated  as  a  rate  process. 

Aside  from  the  deformation  and  breakup  regime  map,  existing  information  about  secondary 
breakup  is  limited  to  Oh  <0.1  and  pL/pc  >  500.  Clearly,  effects  of  both  Oh  and  pL/pc  merit 
additional  study  in  order  to  better  understand  the  secondary  breakup  properties  of  practical 
combusting  sprays.  Finally,  the  rate  aspects  of  secondary  breakup  are  unknown  and  must  be 
addressed  in  order  to  treat  high  pressure  sprays  where  characterizing  the  effects  of  secondary 
breakup  by  jump  conditions  is  not  appropriate;  initial  work  along  these  lines  for  shear  breakup 
at  low  Ohnesorge  numbers  has  been  reported  by  Hsiang  et  al.  (1995). 


4.  PRIMARY  BREAKUP 

4.1.  Introduction 

Primary  breakup  to  form  drops  near  liquid  surfaces  is  a  most  important  process  of  sprays 
because  it  initiates  the  atomization  process,  controls  the  extent  of  the  liquid  core  and  provides  the 
initial  conditions  of  the  dispersed  flow  region.  Unfortunately,  current  understanding  of  primary 
breakup  is  limited  due  to  problems  of  observing  primary  breakup  in  dense  spray  environments, 
effects  of  secondary  breakup  and  interphase  transport  that  modify  drop  properties  prior  to  drops 
reaching  conditions  where  their  properties  can  be  measured  readily,  and  effects  of  flow  development 
and  liquid  disturbances  (turbulence)  at  the  jet  exit  that  have  an  unusually  large  impact  on  primary 
breakup  properties.  Recently,  however,  pulsed  holography  techniques  have  provided  a  means  of 
observing  the  properties  of  dense  sprays  so  that  some  progress  is  being  made  toward  gaining  a 
better  understanding  of  primary  breakup  processes,  see  Ruffe/  al.  (1991,  1992),  Tseng  et  al.  (1992b), 
Wu  et  al.  (1991.  1992.  1995)  and  Wu  &.  Faeth  (1993).  Thus,  the  findings  of  these  studies,  which 
arc  limited  to  primary  breakup  along  the  surface  of  the  liquid  core  for  pressure-atomized  sprays 
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in  still  gases,  will  be  emphasized  in  the  following.  For  these  conditions,  the  onset  and  outcome  or 
primary  breakup  will  be  considered,  in  turn. 

4.2.  Onset  of  breakup 

Past  studies  of  pressure-atomized  sprays  have  established  that  all  sprav  properties  including 
criteria  for  the  onset  of  breakup,  are  strongly  influenced  by  the  degree  of 'flow  development  and 
the  presence  of  turbulence  at  the  jet  exit.  First  of  all.  early  studies  of  pressure  atomization  by 
DeJuhasz  et  at.  (1932)  and  Lee  &  Spencer  ( 1933)  showed  that  both  atomization  quality  and  mixing 
rates  differed  for  laminar  and  turbulent  flow  at  the  jet  exit.  Next.  Grant  &  Middleman  (1966)’ 
Phinney  (1973).  Hoyt  &  Taylor  (1977a.  b).  Hiroyasu  et  at.  (1982)  and  Mansour  &  Chigier  (1994) 
conclude  that  turbulence  generated  in  the  flow  passage  has  a  significant  effect  on  jet  breakup 
properties.  This  behavior  is  hardly  surprising  in  view  of  the  widely  recognized  importance  of  jet 
exit  conditions  on  the  properties  of  single-phase  jets,  see  Laufer  (1950).  Tennekes  &  Lumley  U97->) 
Hinze  (1975)  and  Schlichting  (1979).  among  others.  Finally.  Arai  et  at.  (1988).  Hiroyasu  et  'at 
(1991)  and  Karasawa  et  at.  (1992)  showed  that  breakup  could  be  suppressed  entirely  for 
supercavitating  flows,  where  the  liquid  jet  separates  from  the  passage  wall  near  the  end  of  the 
contraction  section  (and  does  not  reattach),  which  have  very  uniform  and  non-turbulent  velocity 
distributions  at  the  jet  exit.  In  retrospect,  this  behavior  is  not  surprising  because  jet  exit  conditions 
of  this  type  are  widely  used  for  liquid  jet  cutting  systems,  where  avoiding  breakup  is  a  major  design 
objective,  see  Yokota  et  ai  (1988).  ' 

Recent  studies  using  gamma-ray  absorption  and  pulsed  holography  techniques  to  penetrate  the 
dense  spray  region  also  have  helped  to  quantify  effects  of  flow  development  and  turbulence  at  the 
jet  exit  on  primary  breakup  properties,  mixing  rates  and  the  structure  of  the  dispersed-flow  region, 
see  Ruff  et  at.  (1991.  1992).  Tseng  et  at.  (1992a.  b).  Wu  et  at.  (1991.  1992.  1995)  and  Wu  &  Faeth 
(1993).  These  studies  involved  liquid  jets  in  still  gases  at  various  pressures  with  both  fully-developed 
turbulent  flow  and  non-turbulent  quasi-slug  flow  (a  non-turbulent  flow  with  a  uniform  velocity 
distribution  but  with  wall  boundary  layers  present  whose  properties  were  not  well  defined) 
Measurements  of  liquid  volume  fraction  distributions  showed  much  faster  mixing  rates,  and  much 
larger  drop  sizes  after  primary  breakup,  for  turbulent  than  non-turbulent  jet  exit  conditions  even 
though  the  other  properties  of  these  flows  were  nearly  identical.  It  was  also  established  that 
aerodynamic  effects  had  no  influence  on  drop  properties  after  primary  breakup  for  conditions 
typical  of  pressure-atomized  injection  into  air  at  normal  temperature  and  pressure.  In  particular 
no  effect  of  liquid/gas  density  ratio  on  drop  sizes  after  primary  breakup,  as  anticipated  from  the 
classical  aerodynamic  primary  breakup  theories  of  Taylor  (1963)  and  Levich  (1962).  was  observed 
for  hquid/gas  density  ratios  greater  than  500.  Instead,  primary  breakup  properties  were  controlled 
almost  entirely  by  liquid  phase  flow  properties  at  the  exit  of  the  injector  passage. 

Other  studies  also  have  found  that  liquid  phase  flow  properties  have  dominated  observations  of 
primary  breakup  in  pressure-atomized  sprays  and  that  aerodynamic  effects  are  not  very  important 
at  the  liquid.'gas  density  ratios  typical  of  observations  of  pressure-atomized  injection  at  normal 
temperature  and  pressure.  For  example.  Hoyt  &  Taylor  (1977a.  b)  found  that  breakup  of  liquid 
jets  in  air  at  atmospheric  pressure  was  associated  with  the  presence  of  turbulent  boundary  layers 
along  the  injector  passage  walls  near  the  exit.  They  also  demonstrated  that  large  changes  in  the 
aerodynamic  environment,  including  both  coflowing  and  counterflowing  air.  had  little  effect  on 
breakup  properties.  Unfortunately,  similar  to  most  past  studies  of  pressure  atomization,  the  aetual 
properties  or  the  turbulent  boundary  layers  along  the  passage  walls  were  not  quantified  by  Hoyt 
&  Taylor  (1977a.  b)  for  their  experimental  conditions. 

Wu  et  at.  (1995)  recently  have  reported  a  study  where  the  degree  of  flow  development  at  the  jet 
exit  was  controlled,  so  that  its  effect  on  primary  breakup  properties  could  be  examined.  This 
experiment  involved  pressure-atomized  jets  provided  by  a  converging  passage  having  a  large 
contraction  ratio. to  yield  a  non-turbulent  flow  at  its  exit.  The  degree  of  flow  development  at  the 
injector  exit  was  then  controlled  by  removing  the  boundary  layer  formed  along  the  converging 
passage,  and  providing  constant-diameter  passages  of  various  lengths.  L.  (or  Lid)  after  boundary 
layer  removal.  Test  conditions  included  water,  n-heptane  and  various  glvcerol  mixtures 
injected  into  helium,  air  and  Freon  12  at  pressures  of  I  and  2  atm.  to  yield  pjpc  in  the  range 
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The  experiments  of  Wu  et  ai  (1995)  showed  that  the  onset  of  breakup  along  the  surface  of  the 
liquid  core  was  affected  by  both  the  L;d  ratio‘of  the  constant  area  section  of  the  injector  passage 
and  the  Reynolds  number  of  the  flow  through  the  injector  passage.  The  effect  ot  Lid  is  illustrated 
by  the  pulsed  photographs  of  the  flow  appearing  in  figure  14.  Three  conditions  are  shown: 
boundary  layer  removal  followed  by  Lid  ^  4  and  10.  and  a  round  contraction  followed  by 
Lid-  41.  Passage  Reynolds  numbers  for  all  three  conditions  exceed  10\  which  is  sufficient  to 
obtain  fully-developed  turbulent  pipe  flow  for  sufficiently  long  Lid.  see  Hinze  (1975)  and 
Schlichting  (1979).  In  fact,  measurements  made  by  Ruff  et  ai  (1991)  for  L  ',d  =  41.  at  similar 
conditions,  showed  that  flow  properties  at  the  jet  exit  approximated  the  properties  of  fully-devel¬ 
oped  turbulent  pipe  flow  reported  by  Laufer  (1950).  Thus,  it  is  not  surprising  that  the  liquid  surface 
exhibits  the  formation  of  ligaments  and  drops  very  near  the  jet  exit,  corresponding  to  what  has 
been  termed  turbulent  primary  breakup  by  Wu  et  ai  (1991.  1992.  1995)  and  Wu  &  Faeth  (1993). 
for  the  large  Lid  condition.  In  contrast,  the  flow  remains  smooth  near  the  jet  exit  and  no  breakup 
is  observed  for  Lid  =  4.  yielding  behavior  similar  to  the  findings  for  very  short  passage  lengths 
(Lid  =  0.15)  suggesting  the  absence  of  breakup  in  the  absence  of  liquid  vorticity.  i.e.  for  conditions 
where  the  liquid  velocity  distribution  is  uniform  and  no  turbulence  is  present.  Increasing  the  length 
of  the  constant  area  section  to  Lid  =  10.  however,  allows  the  development  of  turbulent  boundary 
layers  along  the  walls  and  the  corresponding  development  of  turbulent  primary  breakup  along  the 
liquid  surface. 

Additional  visualization  of  the  breakup  of  liquid  jets  for  various  passage  Reynolds  numbers  and 
Lid  can  be  found  in  Wu  et  ai  (1995):  a  breakup  regime  map  summarizing  all  the  test  results  as 
a  function  of  Ljd  and  Rew  is  illustrated  in  figure  15.  Observations  of  turbulent  primary  breakup 
are  denoted  on  the  figure  by  cross-hatched,  half-darkened  and  darkened  symbols:  open  symbols 
denote  laminar-like  conditions  where  turbulent  primary  breakup  was  not  observed  although  large 
scale  wavv  (sinuous)  disturbances  were  seen  in  some  instances.  Results  shown  on  the  figure  include 
the  observations  of  Ruff  et  ai  (1991).  Tseng  et  ai  (1992b).  Wu  et  ai  (1991.  1992.  1995).  Wu  & 
Faeth  (1993)  and  Grant  &  Middleman  (1966).  The  results  of  Grant  &  Middleman  (1966)  were  of 
interest  because  they  involved  sharp-edged  inlets  which  provided  more  disturbed  flows  than  the 
other  conditions. 


LIQUID:  WATER 

Figure  U.  Pulsed-photocraphs  of  round  liquid  jets  injected  into  still  air  for  various  L  </.  From  Wu  <v  at. 
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Figure  15.  Primary  breakup  regime  map  for  round  liquid  jets  injected  into  still  gases.  From  Wu  et  a!. 

(1995). 


Except  for  the  conditions  of  Grant  &  Middleman  (1966),  the  results  illustrated  in  figure  15 
indicate  the  presence  of  turbulent  primary  breakup  for  Ljd  >  4-6  and  Reu  >  1-4  x  104,  with  a 
general  tendency  for  Rcu  at  transition  to  become  smaller  as  Lid  increases.  This  behavior  can  be 
anticipated  from  the  well  known  tendency  for  large  Ljd  passages  to  exhibit  turbulent  flow  at  the 
exit  at  lower  Reynolds  numbers,  and  the  relatively  large  values  of  Reu  required  to  achieve  turbulent 
pipe  flow  for  relatively  disturbance-free  inlet  conditions,  see  Hinze  (1975)  and  Smith  (I960).  In 
contrast,  the  results  of  Grant  &  Middleman  (1966)  highlight  potential  effects  of  strong  inlet 
disturbances  typical  of  most  practical  pressure-atomized  injectors,  where  turbulent  primary 
breakup  is  observed  at  Reu  of  roughly  3000,  which  is  comparable  to  the  lowest  Reynolds  numbers 
where  turbulent  pipe  flow  has  been  observed,  see  Hinze  (1975)  and  Schlichting  (1960).  Finally, 
observations  showed  that  there  was  no  effect  of  ambient  gas  densities  on  the  breakup  regime  map 
of  figure  15  for  pL/pc  *n  l^c  range  104-7240,  even  though  aerodynamic  effects  begin  to  influence 
drop  sizes  after  turbulent  primary  breakup  for  pjpc  >  500;  this  behavior  is  reasonable  because 
the  onset  of  turbulent  primary  breakup  appears  to  be  dominated  by  effects  of  transition  from 
laminar  to  turbulent  flow  within  the  injector  passage. 

Subsequent  considerations  of  primary  breakup  will  be  limited  to  turbulent  primary  breakup 
because  this  condition  provides  an  adequate  definition  of  jet  exit  conditions.  Thus,  subsequent  data 
will  involve  L(d  ^ 40  and  Rew  ^  20,000.  Even  for  these  conditions,  however,  the  onset  of  turbulent 
primary  breakup  along  the  liquid  surface  can  be  delayed,  and  may  not  occur  before  large  scale 
disturbances  disrupt  the  entire  liquid  core,  sec  Ruff  et  al .  (1990).  Thus,  the  properties  at  the  onset 
of  turbulent  primary'  breakup  will  be  considered  next. 

Wu  and  coworkers  (1991,  1992,  1995)  and  Wu  &  Faeth  (1993)  used  phenomenological  analysis 
to  develop  estimates  of  the  drop  sizes  and  location  at  the  onset  of  turbulent  primary  breakup. 
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Typical  of  other  dense  spray  conditions,  drop  sizes  after  turbulent  primary  breakup  satisfied  the 
universal  root  normal  distribution  with  MMD/SMD  —  1.2  due  to  Simmons  (1977);  therefore,  the 
SMD  alone  is  sufficient  to  define  drop  size  properties,  as  discussed  earlier.  See  Belz  (1973)  for  a 
discussion  of  the  properties  of  this  distribution  function.  Based  on  time  scale  considerations,  the 
drops  at  the  onset  of  turbulent  primary  breakup  are  the  smallest  drops  that  can  be  formed.  The 
smallest  drops  are  then  either  comparable  to  the  Kolmogorov  micro-length  scale,  or  to  the  smallest 
turbulent  eddy  that  has  sufficient  kinetic  energy  relative  to  its  immediate  surroundings  to  povide 
the  surface  energy  needed  to  form  a  drop,  whichever  is  larger.  For  conditions  studied  thus  far,  the 
energy  criterion  has  controlled,  therefore,  the  analysis  has  proceeded  assuming  that  the  critical  eddy 
size  is  in  the  inertial  range  of  the  turbulence.  The  remaining  assumptions  are  as  follows:  turbulence 
kinetic  energy  of  the  critical  eddy  size  is  proportional  to  the  surface  energy  of  the  resulting  drop, 
liquid  turbulence  properties  unchanged  from  jet  exit  conditions,  and  turbulent  eddy  size  pro¬ 
portional  to  the  SMD  of  the  drop-size  distribution  at  the  onset  of  breakup.  Then  relating  turbulent 
eddy  size  and  local  relative  eddy  velocities  from  well  known  results  for  the  inertial  range  of  the 
turbulence  spectrum,  see  Tennekes  &.  Lumley  (1972),  the  following  equation  is  obtained  for  the 
SMD  at  the  onset  of  turbulent  primary  breakup: 

SMDj/A  -  Cu{ujv:f'  WeC?5  (l0l 

where  SMD,  is  the  Sauter  mean  diameter  at  the  onset  of  turbulent  primary  breakup,  A  is  the  radial 
integral  length  scale  of  the  turbulence,  u0  and  v'9  are  the  mean  streamwise  and  cross-stream  rms 
radial  fluctuating  velocities,  We^  =  PiAu^fa  and  Cu  is  an  empirical  constant  involving  the  various 
proportionality  constants.  With  fully-developed  turbulent  pipe  flow  at  the  jet  exit,  v9fu0  also  is 
essentially  constant,  see  Hin2e  (1975)  and  Schlichting  (1979);  therefore,  SMDt/A  should  be  only 
a  function  of  Weu  for  these  conditions. 

Available  measurements  of  SMD,  are  plotted  according  to  [10]  in  figure  16.  The  correlation  of 
the  available  data,  which  includes  several  liquids  and  L/d  >  10,  is  seen  to  be  quite  good.  The  power 


Figure  16.  SMD  at  the  onset  of  turbulent  primary  breakup  for  round  liquid  jets  injected  into  still  gases. 

From  Wu  et  at.  (1995). 
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Figure  17.  Strcamwi«  location  of  the  onset  of  turbulent  primary  breakup  for  round  liquid  jets  injected 
into  still  gases.  From  Wu  ft  at.  (1995). 

of  Wcla  for  the  measurements  is  not  -3/5  as  suggested  by  (10),  however,  but  can  be  represented 
better  by  the  following  empirical  fit  that  is  shown  on  the  plot: 

SMD./A  =  I33We£®-74  [II] 

Notably,  the  powers  of  WeL^  in  [10]  and  [11]  agree  within  experimental  uncertainties  while  the 
rather  large  coefficient  of  [11]  is  quite  plausible  because  (u9lv9)^  is  large  for  fully-developed 
turbulent  pipe  flow,  see  Laufer  (1950).  Thus,  the  main  ideas  used  to  develop  [10]  appear  to  be 
plausible. 

The  next  step  involved  developing  an  expression  for  the  distance  from  the  jet  exit,  xit  where 
turbulent  primary  breakup  is  initiated.  Wu  et  ai  (1991,  1992,  1995)  and  Wu  &  Faeth  (1993)  also 
developed  a  phenomenological  analysis  for  x{  assuming  that  the  eddy  convccts  along  the  surface 
of  the  liquid  core  with  a  velocity  u9,  that  the  ligament  developed  by  the  eddy  moves  radially 
outward  with  the  characteristic  eddy  velocity  in  the  inertial  range,  and  that  the  critical  drop  at  the 
onset  of  breakup  separates  from  the  ligament  at  the  characteristic  time  for  Rayleigh  breakup,  see 
Wu  et  at.  (1992)  for  discussion  of  other  possible  characteristic  times.  These  considerations  finally 
lead  to  the  following  expression  for  the  distance  from  the  jet  exit  where  turbulent  primary  breakup 
begins: 

xJA  =  CM(u8/*;rWecr  [12] 

where  Clt  is  a  constant  of  proportionality  while  («0/£')’/5  also  is  a  constant  for  fully-developed 
turbulent  pipe  flow. 

Available  measurements  of  xt  are  plotted  according  to  [12]  in  figure  17.  The  correlation  of 
available  data,  for  the  same  range  of  properties  as  figure  16,  is  seen  to  be  quite  good.  As  before, 
however,  the  power  of  WefA  is  not  —0.4  as  suggested  by  [12]  but  can  be  better  represented  by  the 
following  empirical  fit,  which  is  shown  on  the  plot: 

xJA  —  3890Wc(^67 


[13] 
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Similar  to  the  expression  for  SMD|f  the  power  of  We^  in  [13]  is  not  very  different  from  the 
predicted  power  in  [12],  while  the  large  coefficient  in  [13]  can  be  anticipated  because  (u/i?')9/5  in 
[12]  is  large  for  fully-developed  turbulent  pipe  flow. 

Subsequent  work  by  Wu  &  Faeth  (1993)  showed  that  aerodynamic  effects  modified  [11]  and  [13] 
somewhat  for  pL/pc  <  500.  In  addition,  the  combined  criteria  for  the  presence  of  turbulent  primary 
breakup  along  the  surface  of  the  liquid  core,  represented  by  figure  15  and  [13],  correspond  to  a 
different  viewpoint  than  the  classical  criteria  for  the  wind-induced  and  atomization  breakup 
regimes,  see  Faeth  (1990).  Thus,  more  work  is  needed  to  establish  the  relationship  between 
turbulent  primary  breakup  and  earlier  definitions  of  atomization  breakup  regimes.  Finally,  Wu  & 
Faeth  (1995)  have  identified  a  range  of  conditions  where  turbulent  primary  breakup  ends  along 
the  liquid  surface  before  the  end  of  the  liquid  core  was  reached,  and  have  successfully  correlated 
conditions  for  the  end  of  breakup  with  turbulence  properties  in  the  large-eddy  subrange  of  the 
turbulence  spectrum.  However,  the  properties  of  drops  produced  by  primary  breakup  in  the  large 
eddy  subrange,  as  well  as  for  conditions  where  Kolmogorov  scales  are  reached  that  were  mentioned 
earlier,  must  still  be  resolved. 

4.3.  Breakup  outcomes 

With  conditions  for  the  onset  of  turbulent  primary  breakup  established,  the  next  issues  include 
breakup  outcomes,  e.g.  the  variation  of  drop  velocity  and  size  distributions  with  increasing  distance 
from  the  jet  exit.  Similar  to  the  properties  of  secondary  breakup,  drop  sizes  satisfied  the  universal 
root  normal  distribution  with  MMD/SMD=1.2  due  to  Simmons  (1977),  and  drop  velocity 
distributions  were  uniform,  after  turbulent  primary  breakup.  Thus,  drop  size  and  velocity 
distributions  will  be  represented  by  the  SMD  and  mass-averaged  velocities  in  the  following. 
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Figure  18.  Mass-averaged  drop  velocities  after  turbulent  primary  breakup  as  a  function  of  distance  from 
the  jet  exit.  From  Wu  rt  al.  (1992). 
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Figure  19.  SMD  after  turbulent  primary  breakup  as  a  function  of  distance  from  the  jet  exit  (for  negligible 
aerodynamic  effects)  for  round  liquid  jets  injected  into  still  gases.  From  Wu  &  Faeth  (1993). 


Mass-averaged  sircamwisc  and  cross-stream  drop  velocities,  and  vp,  after  turbulent  primary 
breakup  are  plotted  as  a  function  of  distance  from  the  jet  exit  in  figure  18.  Measurements  shown 
in  the  plots  were  obtained  from  Wu  et  at.  (1992),  Ruffe/  at.  (1991)  and  Tseng  et  at.  (1992b).  Results 
at  pL/pc  >  500  arc  shown  as  open  symbols  while  those  at  pL/pc  <  500  arc  shown  as  filled  and 
half-filled  symbols,  in  order  to  highlight  potential  aerodynamic  effects.  Except  for  a  small  region 
near  the  jet  exit  where  the  effect  of  the  passage  walls  retards  strcamwisc  drop  velocities  somewhat, 
up/u0  se  0.9  and  v?fu0  0.06  relatively  independent  of  position.  Noting  that  the  maximum  value  of 
tf'/uo:s0.06  for  fully-developed  turbulent  pipe  flow,  see  Hinze  (1975),  it  is  concluded  that 
mass-averaged  streamwise  and  cross-stream  drop  velocities  after  turbulent  primary  breakup 
correspond  to  streamwise  velocities  and  r.m.s.  cross-stream  velocity  fluctuations  in  the  liquid  jet, 
respectively.  This  behavior  is  reasonable  because  the  liquid  core  tends  to  maintain  jet  exit 
properties  (it  has  a  large  relaxation  lime  due  to  its  large  size)  while  primary  breakup  occurs 
reasonably  fast  so  that  there  is  little  time  for  ligament  and  drop  properties  to  change,  as  well. 
Nevertheless,  there  is  a  trend  for  reduced  strcamwisc  velocities  at  small  pL/pc  so  l^al  l^csc 
approximations  for  drop  velocities  should  be  re-examined  prior  to  application  to  high  pressure 
sprays. 

The  variation  of  SMD  along  the  liquid  surface  was  initially  studied  for  conditions  where 
aerodynamic  effects  were  small,  e.g.  pL/pc  >  500,  see  Wu  et  at.  (1992).  The  approach  used  to 
correlate  the  measurements  was  an  extension  of  the  method  used  to  find  xx.  It  was  assumed  that 
the  SMD  was  proportional  to  the  largest  drop  that  could  be  formed  at  a  particular  position,  x , 
after  adopting  the  Rayleigh  breakup  mechanism  for  the  ligament.  This  yielded  the  following 
expression  for  the  variation  of  SMD  with  distance  from  the  jet  exit: 

SMD/A  —  C„Cx/(AWcla)2'3  l14] 

where  C„  is  an  empirical  constant.  Available  measurements  of  the  variation  of  SMD  with  distance 
from  the  jet  exit  arc  plotted  in  figure  19  according  to  the  variables  of  (14].  These  results  were 
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obtained  from  Ruff  et  aL  (1992),  Tseng  et  aL  (1992b)  and  Wu  &  Faeth  (1993).  Some  of  the  results 
illustrated  in  figure  19  involve  pL/pc  <  500  and  have  been  corrected  for  aerodynamic  effects;  these 
findings  will  be  discussed  subsequently.  The  correlation  is  seen  to  be  quite  good  and  can  be 
represented  by  the  following  empirical  fit: 

SMD/A  =  0.65(.r/(AWe£))2/3  (15] 

Notably,  the  good  agreement  between  the  measurements  and  the  somewhat  complex  power 
relationships  of  [14]  and  [15],  coupled  with  a  coefficient  of  order  of  magnitude  unity  in  [15],  suggests 
that  the  physical  principles  used  to  derive  [14]  are  reasonable.  Another  interesting  feature  of  these 
results  is  that  the  SMD  approaches  the  order  of  magnitude  of  the  liquid  core  itself  near  the  end 
of  the  liquid  core  based  on  the  correlation  measured  by  Grant  &  Middleman  (1966),  for  fully 
turbulent  liquid  jets  in  still  gases  at  atmospheric  pressure  where  aerodynamic  effects  are  small, 
namely 

L^jd  =  8.51  Wejj2  [16] 

Notably,  the  earlier  result  of  Chehroudi  et  aL  (1985),  given  in  [1],  yields  qualitatively  similar  results 
but  with  a  somewhat  broader  range  of  LJd.  In  any  event,  the  fact  that  the  SMD  is  comparable 
to  the  diameter  of  the  liquid  column  near  its  end  clearly  is  compatible  with  the  liquid  column 
breaking  up  as  a  whole  in  this  region. 

The  final  phase  of  this  work  was  to  consider  aerodynamic  effects  on  drop  sizes  after  turbulent 
primary  breakup,  sec  Wu  &  Faeth  (1993).  For  conditions  where  aerodynamic  effects  are  important, 
the  aerodynamic  secondary  breakup  times  for  a  ligament  of  characteristic  size  /j  scale  according 
to  A(Pl/Pc),  :/uo  while  the  Rayleigh  breakup  times  of  ligaments  are  proportional  to  (pL/j f/ff)1** 
As  a  result  Rayleigh  breakup  times  increase  more  rapidly  than  secondary  breakup  times  as  (x 
increases.  This  implies  a  tendency  for  secondary  and  primary  breakup  to  merge  as  distance  from 
the  jet  exit  increases.  Analysis  of  these  conditions  was  carried  out  by  using  [15]  to  define  initial 
drop  sizes  and  then  applying  the  secondary  breakup  results  of  [7]  to  obtain  the  final  SMD  after 
merged  primary  and  secondary  breakup.  The  resulting  best  fit  correlation  of  merged  primary  and 
secondary  breakup  is  as  follows: 

PcSMDul/c  =  12.9(x/A)w(pc/pJ3/3We^/Re[5  [17] 

Available  measurements  of  merged  primary  and  secondary  breakup  are  plotted  in  figure  20 
according  to  the  variables  of  [17],  Measurements  shown  on  the  plot  were  obtained  from  Tseng  et  aL 
(1992b)  and  Wu  &  Faeth  (1993).  Equation  [17]  is  plotted  on  the  figure  as  well  and  is  seen  to  provide 
an  excellent  correlation  of  the  data,  tending  to  support  the  physical  ideas  used  in  its  derivation, 
see  Wu  &  Faeth  (1993)  for  the  slightly  improved  best  fit  of  the  data  that  is  also  shown  on  the  plot. 

The  turbulent  primary  breakup  measurements  of  Wu  et  aL  (1991,  1992,  1995)  and  Wu  &  Faeth 
(1993)  suggested  three  regimes  of  turbulent  primary  breakup:  (1)  non-aerodynamic  turbulent 
primary  breakup;  (2)  aerodynamically-enhanced  turbulent  primary  breakup,  observed  at  onset 
conditions;  and  (3)  aerodynamic  turbulent  primary  breakup,  which  involves  merging  of  turbulent 
primary  and  secondary  breakup.  The  results  also  indicated  that  the  boundaries  of  these  regimes 
are  fixed  by  the  liquid/gas  density  ratio  and  the  relative  magnitudes  of  characteristic  Rayleigh 
breakup  times  ofligaments  and  the  secondary  breakup  limes  of  liquid  fragments.  The  breakup 
times  used  to  define  these  regimes  were  based  on  the  SMD  after  primary  breakup,  or  after  the 
primary  breakup  stage  of  merged  primary  and  secondary  breakup,  for  conditions  beyond  the  onset 
of  breakup  for  present  data.  Thus,  the  characteristic  Rayleigh  breakup  time  was  taken  to  be 
irMPlSMDV),:,  while  the  characteristic  secondary  breakup  time  was  taken  to  be 
Tb  —  (Pl/Pg)1  :SMD/w0.  Then  eliminating  SMD  from  the  ratio,  the  characteristic  lime  ratio  was 
taken  to  be: 

WWPl/PgV'VW^/A)1"  [18] 

The  resulting  turbulent  primary’  breakup  regimes  based  on  the  available  measurements  of  Ruff 
et  aL  (1992),  Tseng  et  aL  (1992b),  Wu  et  aL  (1991,  1992,  1995)  and  Wu  &  Faeth  (1993),  are 
illustrated  in  terms  of  pL/pc  and  rR/rb  in  figure  21.  The  total  set  of  measurements  yields 
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Pu'Pc  =  500.  as  the  aerodynamic/non-aerodynamic  transition,  and  rR/r,  =  4.  as  the  enhanced-aero- 
dynamic/merged  transition. 


5.  CONCLUSIONS 

Primary  breakup  along  the  surface  of  turbulent  liquids  was  studied,  considering  liquid  jets  in 
still  gases  with  fully-developed  turbulent  pipe  flow  at  the  jet  exit  (pjpc  of  104-6230.  Reu  of 
90.000-780.000,  We&1  or  12-3790,  Weu  of  60.000-1.090.000  and  Oh,  of  0.001 1-0.0052).  The  major 
conclusions  of  the  study  are  as  follows: 

(1)  The  presence  of  aerodynamic  phenomena  for  turbulent  primary  breakup  largely  is 
controlled  by  the  liquid/gas  density  ratio.  When  this  ratio  is  less  than  500,  aerodynamic 
phenomena  affect  both  conditions  at  the  onset  of  breakup,  and  drop  sizes  and  velocities 
(to  a  lesser  extent)  after  breakup. 

(2)  Aerodynamic  enhancement  of  the  onset  of  turbulent  primary  breakup  was  due  to  the 
aerodynamic  pressure  reduction  over  the  tips  of  protruding  liquid  elements.  This  effect 
assists  the  kinetic  energy  of  a  corresponding  liquid  eddy  relative  to  its  surroundings  to 
provide  the  surface  tension  energy  needed  to  form  a  drop,  thus  allowing  smaller  drops  to 
form.  Phenomenological  analysis  based  on  these  ideas  yielded  reasonable  correlations  of 
onset  properties. 

(3)  For  conditions  where  secondary  breakup  times  become  small  in  comparison  to  Rayleigh 
breakup  times  of  turbulence-induced  ligaments  protruding  from  the  surface,  processes  of 
primary  and  secondary  breakup  merge,  yielding  smaller  drops  than  when  aerodynamic 
effects  are  absent.  The  reduction  of  drop  sizes  at  these  conditions  correlated  well  with 
results  for  the  secondary  breakup  of  drops  due  to  shock  disturbances. 

(4)  Drop-size  distributions  after  aerodynamic  turbulent  primary  breakup  approximated  the 
universal  root  normal  distribution  with  MMD/SMD  *  1.2  due  to  Simmons  (1977),  similar 
to  observations  of  other  drop  breakup  processes  as  well  as  drops  in  the  multiphase  mixing 
layers  of  pressure-atomized  sprays.  Additionally,  mass-averaged  drop  velocities  after 
aerodynamic  turbulent  primary  breakup  approximate  mean  and  rms  velocity  fluctuations 
of  the  liquid  in  the  streamwise  and  cross-stream  directions,  respectively,  although  there  was 
a  tendency  for  streamwise  velocities  to  be  somewhat  reduced  by  aerodynamic  effects. 

A  major  issue  still  open  involves  primary  breakup  of  non-turbulent  liquids  and  the  relevance  of 
the  classical  primary  breakup  theories  of  Taylor  (1963)  and  Levich  (1962).  Results  discussed  here 
indicate  that  it  is  difficult  to  observe  the  non-turbulent  primary  breakup  mechanism.  The  main 
problems  are  effects  of  liquid  disturbances,  the  intrusion  of  secondary  breakup  and  weak 
aerodynamic  effects  for  most  liquids  at  normal  temperature  and  pressure  where  measurements  are 
most  convenient.  Until  these  experimental  difficulties  arc  resolved,  understanding  of  this  important 
primary  breakup  mechanism  will  remain  limited.  The  properties  of  turbulent  primary  breakup  also 
merit  additional  study,  particularly  behavior  in  the  large  eddy  subrange  of  the  turbulence  spectrum, 
as  well  as  for  conditions  where  drop  formation  is  controlled  by  the  smallest  turbulent  eddies  in 
the  region  of  the  Kolmogorov  microscales. 
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Aspects  of  inteiphase  transport  and  multiphase  flow  relevant  to  spray  combustion  are  reviewed,  consid¬ 
ering  the  structure  of  the  near-injector  (dense-spray)  region,  drop  breakup,  drop/turbulence  interactions 
and  interphase  drop  transport*  Existing  measurements  of  dense-spray  structure  show  that  the  dispersed- 
flow  region  is  surprisingly  dilute,  that  effects  of  separated  flow  are  important,  that  atomization  involves 
’ .  primary  breakup  at  the  liquid  surface  followed  by  secondary  breakup,  and  that  effects  of  drop  collisions 
are  small  (except  when  sprays  impinge  on  surfaces  or  on  other  sprays).  Available  information  about  primary 
breakup  is  difficult  to  interpret  because  of  problems  controlling  effects  of  disturbances  in  injector  passages 
and  secondary  breakup;  therefore,  although  some  understanding  of  turbulent  primary  breakup  has  been 
achieved,  more  information  about  aerodynamic  primary  breakup  is  needed  to  address  practical  spray 
combustion  processes.  Studies  of  secondary  breakup  have  resolved  aspects  of  breakup  regimes  and  out¬ 
comes,  including  the  temporal  properties  of  secondary  breakup  in  some  instances,  for  shock-wave  distur¬ 
bances  at  small  gas/liquid  density  ratios  and  liquid  viscosities;  thus,  more  information  is  needed  about 
general  drop  disturbances  and  the  large  gas/liquid  density  ratio  and  liquid  viscosity  conditions  relevant  to 
spray  combustion  at  high  pressures.  Several  ways  to  treat  the  turbulent  dispersion  of  drops  within  dilute 
sprays  are  available.  Consequently,  the  main  uncertainties  about  estimating  turbulent  dispersion  of  drops 
involve  long-standing  problems  of  accurately  estimating  continuous-phase  turbulence  properties  in  sprays. 
Phenomena  that  complicate  estimates  of  turbulence  properties  in  sprays  include  turbulence  generation 
and  modulation  by  drops,  with  turbulence  generation  being  a  dominant  but  rarely  studied  feature  of  dense 
sprays.  Understanding  of  drop  evaporation  and  combustion  has  increased  based  on  results  from  numerical 
simulations  allowing  for  variable  properties,  multicomponent  transport,  and  detailed  chemical  kinetic 
mechanisms;  these  methods  offer  promising  new  ways  to  study  drop  ignition,  extinction,  transport,  and* 
behavior  near  the  thermodynamic  critical  point,  among  others. 

Introduction  evaporation  and  multiphase  flow  phenomena  over- 

•  The  evaporation  and  combustion  of  drops  and  laP  in  Aese  Nevertheless,  considering 

sprays  have  been  studied  extensively  because  of  their  nonevaporating  sprays  still  represents  a  reasonable 

numerous  important  applications,  including  spark-  Rrst  steP  t0^vard  understanding  premised  combust- 

ignition  engines,  diesel  engines,  aircraft  propulsion  1  sp^ys  because  evaporation  does  not  dominate 

systems,  *  liquid  rocket  engines,  liquid-fueled  fur-  “J®  behavior  of  other  multiphase  flow  phenomena 

naces,  and  liquid-waste  incinerators,  among  others. 

As  a  result,  many  features  of  evaporating  and  com-  Separating  combustion  and  multiphase  flow  phe- 
busting  sprays  are  understood  reasonably  well  (see  nomena  also  can  be  justified  for  nonpremixed  coin¬ 
past  reviews  [1-24]  and  references  cited  therein),  busting  sprays  because  these  processes  occur  at  con- 

The  present  article  extends  these  reviews  by  briefly  siderably  different  levels  of  mixing.  This  behavior 

discussing  recent  investigations  of  the  structure,  at-  can  be  illustrated  by  analyzing  an  idealized  spray 

omization,  mixing,  drop  transport,  and  drop  com-  consisting  of  infinitely  small  drops  so  that  the  locally 

bustion  properties  of  sprays,  while  highlighting  areas  homogeneous-flow  (LHF)  approximation  can  be 

where  additional  research  is  needed.  ,  adopted,  where  both  phases  are  assumed  to  have  the 

Except  for  direct  discussion  of  the  evaporation  and  same  velocity  and  temperature  and  are  in  thermo- 

combustion  of  individual  drops,  effects  of  evapora-  dynamic  equilibrium  at  each  point  in  the  flow  [20]. 

tion  and  combustion  will  be  avoided  in  the  following  This  provides  a  reasonable  limit  of  spray  behavior, 

to  simplify  interpretation  of  multiphase  flow  phe-  justified  by  past  observations  of  striking  similarities 

nomena  in  sprays.  While  avoiding  combustion  can  between  gas-fueled  and  well-atomized  spray  flames 

be  justified  on  physical  grounds  for  premixed  com-  [25-31].  Similar  to  other  models  of  diffusion  flames, 

busting  sprays,  because  the  fuel  is  generally  pre-  LHF  models  yield  correlations  between  scalar  prop- 

mixed  and  prevaporized,  before  combustion,  spray  erties  and  the  mixture  fraction  [20];  a  typical 
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Fic.  1.  Predictions  based  on  the  LHF  approximation  of  ■ 
scalar  properties  as  a  function  of  mixture  fraction  for  an  n- 
pentane  spray  burning  in  air  at  NTR  From  Mao  et  al.  [30], 

example  for  an  n-pentane  spray  burning  in  air  at  nor¬ 
mal  temperature  and  pressure  (NTP)  is  illustrated 
in  Fig.  1,  but  results  at  other  conditions  are  similar 
[30,31].  These  results  show  that  the  presence  of  liq¬ 
uid  is  limited  to  mixture  fractions  greater  than  0.9, 
while  combustion  phenomena  associated  with  the 
maximum  temperature  region  are  limited  to  mixture 
fractions  less  than  0.1.  Thus,  most  spray  phenomena 
occur  at  relatively  cool  conditions,  remote  from  com¬ 
bustion  phenomena,  so  that  neglecting  effects  of 
evaporation  and  combustion  is  also  a  reasonable  first 
step  toward  understanding  non-premixed  combust- 

ing  sprays.  * . \f|  ‘ 

Within  the  limitations  just  discussed,  the  following 
aspects  of  spray  combustion  will  be  reviewed:  the 
structure  of  the  near-injector  (dense-spray)  region, 
primary  and  secondary  drop  breakup,  drop  turbu¬ 
lent  dispersion  and  turbulence  modification^  and 
evaporation  arid  combustion  of  individual  drops.  The 
review  is  designed  so  that  each  topic  is  self-con¬ 
tained,  including  conclusions;  and  can  be  read  in¬ 
dependently.  ;  ,  '  '  *  ‘  ^  ‘  '  ' 


i Dense-Spray  Structure  -  -  . 

Flow  Regimes  and  Mixing  Properties 

Recent  observations  of  the  structure  of  the  near¬ 
injector  (dense-spray)  region  will  be  considered  first 


to  help  define  the  properties  of  spray  environments 
and  to  identify  important  spray  phenomena.  The 
classical  configuration  of  round  pressure-atomized 
sprays  in  still  gases  will  be  used  for  these  purposes 
because  this  flow  has  received  considerable  attention 
(see  Refs.  20-45  and  references  cited  therein).  Early 
studies  of  this  spray  configuration  emphasized  spray 
breakup  regimes  [32-3S];  subsequent  work  concen¬ 
trated  on  visualization  of  the  dense-spray  region  and 
definition  of  the  properties  of  the  liquid  core  ex¬ 
tending  from  the  jet  exit,  which  is  similar  to  the  po¬ 
tential  core  of  single-phase  jets  [35—40].  The  present 
discussion  will  be  limited  to  the  structure  of  the 
dense-spray  region  for  atomization  breakup,  where 
drop  formation  begins  right  at  the  jet  exit,  because 
of  the  importance  of  this  regime  for  practical  spray 
combustion  processes.  The  results  to  be  considered 
include  measurements  of  liquid  volume  fractions  us¬ 
ing  gamma-ray  absorption  and  dispersed-phase 
properties  using  pulsed  holography,  as  well  as  pre- 
dictions  using  the  LHF  approximation  to  illustrate 
effects  of  finite  interphase  transport  rates  (or  sepa¬ 
rated  flow)  [41-45]. 

-  To  define  terms,  a  sketch  of  the  dense-spray  re¬ 
gion  for  atomization  breakup  of  a  round  liquid  jet  in 
a  still  gas  is  shown  in  the  inset  of  Fig.  2.  The  dense- 
spray  region  is  divided  into  the  liquid  core  and  an 
adjacent  dispersed-flow  region.  The  liquid  core  is  a 
prominent  feature  of  the  flow  because  of  its  length 
(e.g.,  200-500  jet  exit  diameters  at  NTP  [34,39,40]). 
The  dispersed-flow  region  begins  right  at  the  jet  exit 
for  atomization  breakup;  it  consists  of  a  developing 
multiphase  mixing  layer  where  the  'liquid  core  is 
present  followed  by  a  dispersed  flow  that  eventually 
becomes  a  round  dilute  spray. 

Similar  to  single-phase  jets,  the  degree  of  flow  de¬ 
velopment  and  turbulence  levels  at  the  jet  exit  have 
a  significant  influence  on  flow  properties  within 
dense-sprays  [41—45].  Thus,  consideration  of  dense- 
spray  properties  will  be  limited  to  fully  developed 
turbulent  pipe  flow  at  the  jet  exit  to  ensure  well- 
defined  jet  exit  conditions.  Measured  and  predicted 
time-averaged  liquid  volume  fractions  along  the  axis 
of  pressure-atomized  water  sprays  in  air  at  various 
pressures  are  illustrated  in  Fig.  2  [45].  Mean  liquid 
volume  fractions  are  near  unity  close  to  the  jet  exit 
and  then  decrease  rapidly.  The  initial  reduction  of 
liquid  volume  fractions  occurs  at  progressively 
smaller  values  of  x/d  as  the  pressure  increases,  im¬ 
plying  faster  mixing  rates  at  larger  ambient  gas  den¬ 
sities,  similar  to  density  ratio  effects  for  single-phase 
turbulent  jets  [46].  The  LHF  predictions  reproduce 
this  trend,  but  this  is  not  definitive  because  mass 
mixing  levels  are  small  for  the  conditions  shown  in 
the  figure  and  separated  flow  effects  are  not  impor¬ 
tant  when  the  flow  is  mainly  liquid  [43].  A  more 
important  finding  is  that  the  large  liquid  volume 
fractions  seen  in  Fig.  2  are  caused  by  the  presence 
of  the  liquid  core;  in  fact,  the  liquid  volume  fractions 
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FlC.  2.  Tune-averaged  liquid  vol¬ 
ume  fractions  along  the  axis  of 
round,  pressure-atomized  water 
sprays  in  still  air  at  various  pressures 
for  atomization  breakup  with  fully 
developed  turbulent  pipe  flow  at  the 
jet  exit.  Measurements  and  LHF 
predictions  from  Tseng  et  al.  [44]. 


of  the  dispersed- flow  region  are  surprisingly  small, 
generally  less  than  0.1%  [43,45].  Thus,  dense  sprays 
are  not  close-packed  arrays  of  drops;  instead,  they 
are  relatively  dilute  dispersed  flows  with  regions  of 
large  liquid  fractions  caused  by  the  presence  of  the 
liquid  core. 

Dispersed-Phase  Properties 

More  insight  about  dense  sprays  can  be  obtained 
from  the  radial  profiles  of  dispersed-phase  proper¬ 
ties  plotted  in  Fig.  3.  These  results  are  for  x/d  =  2-5 
in  a  round  pressure-atomized  water  spray  in  still  air 
at  NTP,  but  results  at  other  dense-spray  conditions 
are  similar.  The  region  near  the  liquid  surface  con¬ 
sists  of  large,  irregular,  ligament-like  elements  (large 
ep  and  SMD)  resulting  from  primary  breakup,  even 
though  this  spray  was  well  atomized,  while  the  di- 
lute-spray  region  near  the  edge  of  the  flow  involves 
smaller  round  drops.  This  provides  direct  proof  of 
significant  effects  of  secondary  breakup  near  the  liq¬ 
uid  surface.  In  contrast,  the  small  liquid  volume  frac¬ 
tions  of  the  dispersed-flow  region  imply  that  drop 
collisions  are  improbable  [20].  Thus,  these  findings 
support  the  classical  picture  of  atomization  within 
dense  sprays  [1]:  namely,  primary  breakup  into  lig¬ 
aments  and  large  drops  at  the  surface  of  the  liquid 
core,  followed  by  secondary  breakup  into  smaller 


round  drops,  with  negligible  effects  of  collisions.  It 
also  was  observed  that  drop  diameter  distributions 
satisfied  Simmons’s  [47]  universal  root-normal  dis¬ 
tribution  function,  with  MMD/SMD  =  1.2,  at  each 
point  within  the  flow'.  Consequently,  drop  size  dis¬ 
tributions  can  be  represented  by  the  SMD  alone  be¬ 
cause  this  distribution  function  only  has  two  param¬ 
eters  and  MMD/SMD  is  a  known  constant;  see  Belz 
[4S]  for  the  properties  of  the  root-normal  distribu¬ 
tion  function. 

The  drop  velocities  illustrated  in  Fig.  3  vary  con¬ 
siderably  with  drop  diameter,  which  highlights  the 
significant  separated-flow  effects  observed  for  most 
dense  sprays  [41 — 4o],  Near  the  liquid  core,  the  larg¬ 
est  drops  have  velocities  comparable  to  mean  liquid 
velocities  at  the  jet  exit;  however,  drop  velocities  de¬ 
crease  with  decreasing  drop  size  and  increasing  ra¬ 
dial  distance.  A  surprising  feature  of  these  results  is 
that  gas  velocities  (which  approximate  the  velocities 
of  the  smallest  drops)  are  small  and  nearly  constant 
across  the  multiphase  mixing  layer.  This  behavior 
emphasizes  the  relatively  ineffective  momentum  ex¬ 
change  in  the  multiphase  mixing  layer  because  the 
flow  is  dilute  and  large  drops  that  contain  most  of 
the  momentum  respond  slowly  to  drag  forces  be¬ 
cause  of  their  relatively  large  inertia.  Taken  together, 
existing  observations  of  dense  sprays  [41-45]  pro¬ 
vide  considerable  motivation  to  address  the 
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for  atomization  breakup  with  fully  developed  turbulent 
pipe  flow  at  the  jet  exit.  Measurements  and  LHF  predic¬ 
tions  from  Ruff  et  al.  [43]. 

multiphase  flow  properties  of  sprays  discussed  in  the 
remainder  of  this  paper. 

:  ?  Drop  Breakup  J  •* 

.*'•  ‘  ' '  J  .  J  i  t  • 

Primary  Breakup  - 

Primary  breakup  to  form  drops  near  liquid  sur¬ 
faces  is  important  because  it  initiates  atomization, 
controls  the  extent  of  the  liquid  core,  and  defines 
the  initial  conditions  for  the  dispersed  multiphase 
flow  region.  Unfortunately,  current  understanding  of 
primary  breakup  is  limited  because  of  problems  of 
observations  within  dense  sprays,  effects  of  second¬ 
ary  breakup  and  interphase  transport  that  modify 
drop  properties  before  measurements  can  be  made, 
and  incomplete  characterization  of  the  degree  of 
flow  and  turbulence  development  at  the  jet  exit.  Re¬ 
cent  work  using  pulsed  holography  has  addressed 
some  of  these  .deficiencies  for  primary  breakup  of 


round,  pressure-atomized  spravs  in  still  gases  [41— 
45,49-o3].  Thus,  the  findings  of  these  studies  will  be 
discussed  in  the  following,  treating  the  onset  and 
outcome  of  primary  breakup  in  turn.  Consideration 
of  other  primary  breakup  processes  can  be  found  in 
Refs.  1, 4-6,  and  12-14  and  references  cited  therein. 

Investigations  of  pressure-atomized  sprays  have 
established  that  primary  breakup  is  affected  strongly 
by  the  degree  of  flowr  and  turbulence  development 
at  the  jet  exit.  For  example,  the  eariy  Studies  of 
Dejuhasz  et  al.  [54]  and  Lee  and  Spencer  [55] 
showed  that  atomization  quality  differed  for  laminar 
and  turbulent  flow  at  the  jet  exit  and  identified  a 
unique  turbulent  primary  breakup  process.  Numer¬ 
ous  later  studies  have  supported  these  findings  [34- 
37,41^5,56].  This  behavior  is  not  surprising  in  view 
of  tire  widely  recognized  importance  of  jet  exit  con¬ 
ditions  on  the  properties  of  single-phase  jets  [57- 
61].  In  fact,  past  studies  also  show  that  primary 
breakup  can  be  suppressed  entirely  for  injection  into 
air  at  NTP  using  supercavitating  flows  where  the  jet 
separates  from  the  passage  wall  near  the  end  of  the 
contraction  section  and  does  not  reattach,  which 
yields  uniform  and  nonturbulent  velocity  distribu¬ 
tions  at  the  jet  exit  [62—64].  This  behavior  also  is 
expected  because  similar  flows  are  used  to  prevent 
liquid  breakup  for  liquid  jet-cutting  systems  [65].  Fi¬ 
nally,  aerodynamic  effects  have  little"  effect  on  drop 
properties  after  primary  breakup  for  pressure-at¬ 
omized  sprays  in  still  gases  at  NTP  [36-37,51^53]. 
In  particular,  effects  of  liquid/gas  density  ratio,  ex¬ 
pected  based  on  aerodynamic  breakup  theories 
[2,66],  were  not  observed  for  pj/pz  >  500;  instead, 
primary  breakup  properties  were  controlled  almost 
entirely  by  liquid  flow  properties  at  the  jet  exit  [51- 
53]. 

Recent  measurements  of  Wu  et  al.  [53]  show  that 
primary  breakup  during  pressure  atomization  is  af¬ 
fected  by  the  profile  of  the  injector  contraction,  the 
Ud  of  the  constant-area  section  of  the  injector,  and 
the  Reynolds  number  of  the  flow  at  the  jet  exit. 
Some  typical  pulsed  shadowgraphs  of  the  flow  near 
the  jet  exit  are  illustrated  in  Fig.  4  for  water  injected 
into  still  air  at  NTP  with  Refd  >  200,000.  Two  injec¬ 
tor  conditions  are  shown,  with  and  without  removal 
of  the  boundary  layer  near  the  passage  walls  (bound¬ 
ary  layer  removal  involved  a  small  cutter  with  Lid  = 
0.15),  for  a  nonturbulent  uniform  velocity  distribu¬ 
tion  across  the  inviscid  part  of  the  flow.  When  the 
cutter  is  absent,  the  vortical  flow  in  the  boundary 
layer  produces  ligaments  that  break  up  into  drops 
close  to  the  jet  exit;  in  contrast,  when  the  boundary 
layer  is  removed  by  the  cutter,  primary  breakup  is 
suppressed  entirely,  yielding  a  solid  liquid  stream 
similar  to  liquid  cutting  jets  [65].  Additional  experi-  ' 
ments  indicated  the  appearance  of  turbulent  pri¬ 
mary  breakup  for  Ud  >  4-6  and  Refd  >  1-4  X  104 
for  nonturbulent  conditions  at  the  contraction  exit, 
with  the  results  of  Grant  and  Middleman  [34] 
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Fic.  4.  Pulsed  shadowgraphs  of  water  jets  injected  into 
still  air  at  NTP  for  nonturbulent  slug  flow  at  the  jet  exit 
with  and  without  boundary  Iaver  removal.  From  VVu  et  al. 
[53]. 

suggesting  the  presence  of  turbulent  primary 
breakup  for  Re ^  >  3000  in  the  presence  of  strong 
inlet  disturbances.  More  study  of  the  influence  of  jet 
exit  properties  on  primary  breakup  is  needed,  but 
these  results  strongly  suggest  that  measurements  of 
the  atomization  properties  of  short  Lid  injectors  at 
NTP  are  dominated  by  effects  of  inlet  and  contrac¬ 
tion  disturbances  as  well  as  turbulence  generated 
near  the  reattachment  point  of  separated  (cavitating) 
flows. 

Subsequent  considerations  of  primary  breakup 
will  be  limited  to  turbulent  primary  breakup  with 
fully  developed  turbulent  pipe  flow  at  the  jet  exit 
because  this  process  yields  repeatable  jet  exit  con¬ 
ditions.  The  results  of  Refs.  50-53  will  be  used  to 
illustrate  the  following  properties  of  turbulent  pri¬ 
mary  breakup:  onset  of  breakup,  length  of  the  liquid 
core,  properties  of  drops  produced  by  breakup,  and 
effects  of  aerodynamic  forces  on  breakup. 

Phenomenological  analyses  have  been  used  to  de¬ 
fine  conditions  for  the  onset  and  end  of  turbulent 
primary  breakup  along  the  surface  of  the  liquid  core 
and  the  length  of  the  liquid  core  [50-53].  These 
analyses  assumed  that  drops  are  formed  from  tur¬ 
bulent  eddies  when  the  kinetic  energy  of  the  eddy 
is  comparable  to  the  surface  energy  required  to  form 
a  drop  of  comparable  size,  that  the  turbulence  spec¬ 
tral  ranges  of  interest  include  the  large  eddy  and 
inertial  subranges  (observed  drop  diameters  were 
much  greater  than  Kolmogorov  length  scales),  that 


FlC.  5.  Liquid-surface  and  liquid-column  breakup  re¬ 
gime  maps  for  liquid  jets  injected  into  still  gases  with  fully 
developed  turbulent  pipe  flow  at  the  jet  exit  and  negligible 
aerodynamic  effects.  From  Wu  and  Faeth  [52],  with  mea¬ 
surements  from  Chen  and  Davis  [67],  Grant  and  Middle¬ 
man  [34],  Wu  and  Faeth  [52],  and  Wu  et  al.  [50]. 

aerodynamic  effects  were  small,  that  growing  distur¬ 
bances  on  the  liquid  surface  are  convected  at  the 
mean  streamwise  velocity  at  the  jet  exit  for  the  Ray¬ 
leigh  breakup  time  required  to  form  a  drop  of  given 
size,  and  that  the  liquid  core  ends  when  drop  sizes 
produced  by  turbulent  primary  breakup  are  com¬ 
parable  to  the  liquid  core  diameter.  Correlations  of 
available  measurements  based  on  these  ideas  are  il¬ 
lustrated  in  Fig.  5,  with  best  fits  of  the  measure¬ 
ments  yielding  the  following  expressions  [52]: 

xjd  =  2000  xe/d 

=  0.0000 15S  Wejf8,  Lc/d  =  7.40  VV^34  (1) 

Notably,  the  predicted  powers  of  Weu  for  the  onset 
and  end  of  surface  breakup,  and  tne  liquid  core 
length,  are  —0.4,  2,  and  1/2;  thus,  while  the  empir¬ 
ical  powers  of  Eq.  (1)  differ  from  these  predictions, 
the  differences  are  not  large  in  view  of  the  approx¬ 
imations  of  the  theories.  The  magnitudes  of  the  co¬ 
efficients  of  Eq.  (1)  are  also  reasonable  for  the  pro¬ 
cesses  considered  [52].  Thus,  results  illustrated  in 
Fig.  5  yield  the  following  breakup  regimes  with  in¬ 
creasing  Weft.  (1)  only  breakup  of  the  liquid  column 
as  a  whole,  (2)  onset  and  end  of  surface  breakup, 
followed  by  breakup  of  the  liquid  column  as  a  whole, 
and  (3)  onset  of  surface  breakup  followed  by 
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Fic.  6.  SMD  after  turbulent  primary  breakup  as  a  function  of  distance  from  the  jet  exit  for  liquid  jets  injected  into 
still  gases  with  fully  developed  turbulent  pipe  flow  at  the  jet  exit.  Results  for  pjpg  <  500  inverted  to  account  for  merged 
primary  and  secondary  breakup.  From  Wu  and  Faeth  [51],  with  measurements  from  Ruff  et  al.  [42],  Tseng  et  al.  [45], 
Wu  and  Faeth  [51],  and  Wu  et  al.  [50];  SMD  predictions  from  Wu  and  Faeth  [47],  and  liquid-column  length  prediction 
from  Grant  and  Middleman  [34].  . 


breakup  of  the  liquid  column  as  a  whole.  The  first 
of  these  is  analogous  to  first  wind-induced  breakup, 
while  the  remaining  regimes  correspond  to  second 
wind-induced  and  atomization  breakup  (depending 
on  the  distance  from  the  jet  exit  where  the  onset  of 
breakup  occurs)  [20].  Finally,  the  present  correlation 
of  the  LJd  is  in  good  agreement  with  the  measure¬ 
ments  of  Grant  and  Middleman  [34]  and  Chen  and 
Davis  [67].  Chehroudi  et  al.  [39],  however,  find  a 
different  correlation  for  atomization  at  elevated 
pressures,  based  on  aerodynamic  breakup  theory,  as 
follows:  ‘  '*■  —  * 

■  ry* .:.Lcid  =  ce(pfipg)'*  '■  v  y  .(2) 

where  Cc  is  in  the  range  7-16  for  atomization 
breakup  of  pressure-atomized  round  jets  in  still 
gases.  The  differences  between  LJd  from  Eqs.  (1) 
and  (2)  reflect  effects  of  aerodynamic  forces  and  the 
degree  of  flow  development  at  the  jet  exit  that 
should  be  quantified  in  the  future. 

Wu  and  co-workers  [50-^53]  also  report  distribu¬ 
tions  of  drop  sizes  and  velocities  produced  by  tur¬ 
bulent  primary  breakup.  Similar  to  dense  sprays  as 
a  whole,  drop  sizes  after  turbulent  primary  breakup 
satisfy  Simmons’s  [47]  universal  root-normal  distri¬ 


bution  with  MM  D/S  MD  =  1.2.  Mean  drop  veloci¬ 
ties  were  found  to  be  relatively  independent  of  drop 
size  and  position,  with  mean  streamwise  and  cross¬ 
stream  values  comparable  to  u0  and  voy  respectively 
[50].  The  variation  of  SMD  along  the  liquid  surface 
was  initially  studied  for  pjpz  >  500,  where  aerody¬ 
namic  effects  are  small  [50].  Phenomenological  anal¬ 
ysis  was  used  to  interpret  these  data,  similar. to  the 
approach  used  for  and  xe.  It  was  assumed  that  the 
SMD  was  proportional  to  the  largest  drop  that  could 
be  formed  at  a  particular  position,  based  on  convec¬ 
tion  and  Rayleigh  breakup  of  a  similarly  sized  liga¬ 
ment  as  earlier.  Available  measurements  for  the  vari¬ 
ation  of  SMD  with  distance  are  plotted  as  suggested 
by  this  theory  in  Fig.  6.  The  measurements  are  in 
good  agreement  with  the  phenomenological  theory, 
yielding  the  following  best-fit  correlation: 

SMD//1  =  0.65(.t/(/l  Weft)?*  .  (3) 

The  powers  of  Eq.  (3)  follow  directly  from  the  the- 
ory,  while  the  coefficient  is  of  order  unity,  as  ex¬ 
pected,  which  suggests  that  the  physical  principles 
used  to  derive  the  equation  are  reasonable.  An  in¬ 
teresting  feature  of  Eq.  (3)  is  that  the  SMD  does  not 
depend  on  liquid  viscosity;  which  is  similar  to  results 
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based  on  aerodynamic  breakup  theories  [2,38,66], 
even  though  the  concepts  used  to  develop  the  ex¬ 
pression  for  turbulent  primary  breakup  are  very  dif¬ 
ferent.  As  noted  earlier,  the  SMD  approaches  the 
diameter  of  the  liquid  core  itself  near  Lc,  as  ex¬ 
pressed  by  Eq.  (1),  which  is  also  plotted  in  Fig.  6. 

The  last  phase  of  the  turbulent  primary  breakup 
studies  of  YVu  and  co-workers  [49-53]  considered 
effects  of  aerodynamic  forces  on  the  onset  and  out¬ 
comes  of  turbulent  primary  breakup.  It  was  found 
that  aerodynamic  effects  advance  the  onset  of 
breakup  and  reduce  drop  sizes  after  breakup  by 
merging  processes  of  primary  and  secondary 
breakup  for  pftpa  <  500.  These  properties  were  also 
successfully  correlated  using  phenomenological  the¬ 
ories  [51]. 

Numerous  unknowns  concerning  primary 
breakup  must  still  be  resolved.  Issues  about  turbu¬ 
lent  primary,  breakup  include  information  about 
rates  of  breakup  and  a  more  complete  treatment  of 
aerodynamic  effects,  including  the  relationship  be¬ 
tween  the  Lc  estimates  of  Eqs.  (I)  and  (2).  Another 
issue  involves  primary  breakup  of  nonturbulent  liq-~ 
uids  and  its  relationship  to  tire  classical  aerodynamic 
theories  of  primary  breakup  of  Refs.  2  and  66.  Fi¬ 
nally,  effects  of  flow  properties  at  the  exit  of  practical 
injectors  of  various  configurations,  and  interactions 
between  flow  development  and  aerodynamic  effects, 
must  be  resolved  to  better  understand  primary 
breakup. 

Secondary  Breakup 

Drop  deformation  and  secondary  breakup  are  im¬ 
portant:  primary  breakup  yields  drops  that  are  in¬ 
trinsically  unstable  to  deformation  and  secondary 
breakup,  high-pressure  combustion  processes  in¬ 
volve  conditions  in  which  the  surface  tension  be¬ 
comes  small  (near  the  thermodynamic  critical  point) 
promoting  drop  deformation  and  secondary 
breakup,  deformation  affects  mixing  rates  by  en¬ 
hancing  interphase  transport  rates,  and  secondary 
breakup  affects  spray  .mixing  rates  by  controlling 
drop  sizes  [42,43,45,49-53].  Several  reviews  of  early 
work  on  drop  deformation  and  secondary  breakup 
have  appeared  [1,2,4,6,68-71];  therefore,  recent 
studies  will  be  emphasized  in  the  following.  Of  par¬ 
ticular  interest  are  recent  findings  about  secondary 
breakup  regimes  and  outcomes  using  pulsed  holog¬ 
raphy  [72-75].  Studies  of  drop  deformation  and 
breakup  have  been  limited  to  either  shock-wave  dis¬ 
turbances,  which  provide  a  step  change  of  the  am¬ 
bient  environment  of  a  drop  typical  of  conditions  at 
the  end  of  primary  breakup,  or  steady  disturbances, 
typical  of  freely  falling  drops  and  spray  drying  pro¬ 
cesses.  Effects  of  shock-wave  disturbances  have  re¬ 
ceived  the  most  attention  and  best  approximate  drop 
deformation  and  secondary  breakup  in  sprays;  there¬ 
fore,  these  disturbances  will  be  emphasized  in  the 


following,  considering  deformation  and  breakup  re¬ 
gimes,  breakup  dynamics,  and  breakup  outcomes. 

A  variety  of  deformation  and  breakup  regimes 
have  been  observed  for  shock-wave  disturbances; 
see  Refs.  6S-S2  for  sketches,  descriptions,  and  pho¬ 
tographs  of  typical  deformation  and  breakup  re¬ 
gimes.  Existing  observations  of  secondary  breakup 
have  been  limited  mainly  to  p/p„  >  500  and  Re  > 
100.  For  such  conditions,  Hinze  [6S]  shows  that  de¬ 
formation  and  secondary  breakup  regime  transitions 
are  functions  of  We  and  Oh ,  which  are  measures  of 
the  ratios  of  drag  and  liquid  viscous  forces  to  surface 
tension  forces,  respectively.  The  resulting  deforma¬ 
tion  and  secondary  breakup  regime  map  based  on 
available  measurements  is  illustrated  in  Fig.  7.  Var¬ 
ious  breakup  regimes  identified  by  Hinze  [6S],  Krze- 
czkowski  [71],  and  Hsiang  and  co-workers  [72-75] 
are  in  good  agreement,  which  is  satisfying  in  view  of 
the  subjective  nature  of  identifying  regime  transi¬ 
tions.  - 

The  regime  transitions  illustrated  in  Fig.  7  are  rel¬ 
atively  independent  of  liquid  viscous  forces  (or  Oh) 
for  Oh  <  0.1,  while  drop  deformation  begins  when 
We  **  1.  The  first  breakup  regime,  bag  breakup,  is 
reached  at  We  —  13;  this  breakup  regime  involves 
deformation  of  the  drop  into  a  thin  disk  normal  to 
the  flow  direction,  followed  by  deformation  of  the 
center  of  the  disk  into  a  thin,  balloonlike  structure, 
both  of  which  subsequently  divide  into  drops.  The 
shear  breakup  regime  is  observed  at  larger  relative 
velocities,  beginning  at  We  -  80;  this  breakup  re¬ 
gime  involves  deflection  of  the  periphery  of  the  disk¬ 
like  deformed  drop  in  the  downstream  direction, 
rather  than  the  center  of  the  drop,  with  drops  sep¬ 
arating  from  die  downstream  end  of  ligaments  at- 
tached  to  the  drop  periphery.  The  transition  be¬ 
tween  bag  and  shear  breakup  is  a  complex  mixture 
of  the  two,  termed  multimode  breakup.  Finally,  a 
complex  breakup  regime,  called  catastrophic  or 
drop-piercing  breakup,  is  observed  when  We  >  800 
[79-80],  While  values  of  We  for  particular  regime 
transitions  are  relatively  constant  for  small  Oh ,  they 
increase  progressively  with  increasing  Oh  for  Oh  > 
0.1.  Some  deformation  and  breakup  regimes  also 
disappear  at  large  Oh ,  for  example,  oscillating  de¬ 
formation  and  bag  breakup.  Another  effect  of  in¬ 
creasing  Oh  is  a  progressive  increase  in  die  length 
of  the  ligaments  attached  to  the  periphery  of  the 
parent  drop  during  shear  breakup,  yielding  transi¬ 
tion  to  a  long-ligament  regime  for  Oh  >  0.1. 

It  is  important  to  determine  whedier  the  regime 
boundaries  in  Fig.  7  eventually  become  vertical  at 
large  values  of  Oh  so  that  drop  deformation  and 
breakup  no  longer  occur;  therefore,  this  issue  has 
been  studied  using  phenomenological  analysis  [74]. 
The  analysis  was  based  on  the  observation  diat  the 
main  effect  of  liquid  viscosity  was  to  reduce  the  rate 
of  drop  deformation,  tending  to  reduce  relative  ve¬ 
locities  and  the  potential  for  drop  deformation  and 
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FlC.  7.  Drop  deformation  and  secondaiy  breakup  regime  map  for  shock-wave  disturbances  and  p/p,  >  500.  From 
Chou  et  al.  [75],  with  measurements  from  Hansen  et  al.  [76],  Hinze  [6S].  Lane  [81],  Loparev  [82],  and  Hsiang  and  co- 
workers  [72-74];  correlations  from  Kreczkowski  [71]  and  Hsiang  and  co-workers  [72-74];  theory  from  Hsiang  and  Faeth 
[74].  •  :• 


breakup  at  each  stage  of  the  deformation  process. 
The  drop  motion  was  then  analyzed  for  Oh  1, 
where  the  maximum  deformation  occurs  at  a  mul¬ 
tiple  of  the  characteristic  viscous  time  of  Hinze  [S3], 
fi/(t uf).  This  analysis  yielded  the  following  rela- 
tionsTiip  between  We  and  Oh  for  particular  regime 
transitions  at  large  Oh: 

We  =  (Wecrmi  +  4  We^ 

(Ps/Pf^-oh) . . . < :  (4) 
where  We#.  is  the  local  Weber  number  (based  on  the 
maximum  deformation  condition)  that  is  required 
for  the  particular  transition  to  occur  and  C ^  is  an 
empirical  factor  of  order  unity.  Values  of  We ^  and 
were  fitted  to  Eq.  (4)  to  yield  the  best  fit  of  tran¬ 
sitions  at  large  Oh  (denoted  “theory”  in  Fig.  7);  in 
view  of  the  simplifications  of  the  theory,  the  agree¬ 
ment  between  these  predictions  and  measurements 
is  reasonably  good.  Notably,  Eq.  (4)  implies  the  We 
~  Oh  for  a  given  transition  at  large  On,  instead  of 
yielding  an  ultimate  limit  for  all  We  at  large  Oh,  as 
suggested  earlier  [2,59].  This  difference  of  behavior 
is  crucial  for  processes  of  high-pressure  combustion, 


where  both  Oh  and  We  become  large  as  drops  ap¬ 
proach  their  thermodynamic  critical  point  (because 
a  approaches  zero);  then,  since  We  increases  more 
rapidly  than  Oh  as  (7  becomes  small,  the  fact  that  We 
—  Oh  for  transitions  at  large  Oh  implies  that  drops 
at  these  conditions  still  undergo  deformation  and 
shear  breakup.  Unfortunately,  past  considerations 
have  not  addressed  effects  of  liquid/gas  density  ratio 
on  transitions  or  effects  of  gradual  changes  of  drop 
properties  (particularly  for  conditions  near  the  ther¬ 
modynamic  critical  point);  therefore,  the  important 
issues  of  drop  deformation  and  breakup  behavior  at 
high  pressures  must  still  be  resolved.  \ 

Other  information  about  drop  deformation  and 
secondary  breakup  has  been  limited  to  Oh  <  0.1, 
where  liquid  viscosity  no  longer  affects  regime  tran¬ 
sitions.  At  these  conditions,  the  characteristic  drop 
breakup  time  of  Ranger  and  Nicholls  [/8],  f*,  is  a 

useful  normalizing  parameter  for  dynamic  processes. 
For  example,  times  required  for  initiation  and  end 
of  secondary  breakup  are  tt  =  1.5  t*  and  tb  —  5.5 
t*  at  low  Oh  for  We  <  106  [72,78-80,84-87].  De¬ 
formation  within  a  deformation  regime,  or  as  part  of 
secondary  breakup,  increases  drag  forces  on  the 
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FlC.  8.  Correlations  of  SMD  after  secondary  breakup 
for  shock-wave  disturbances,  p/pg  >  500  and  Oh  <0.1. 
From  Hsiang  and  Faeth  [72]. 


parent  drop  because  of  increasing  drop  cross-sec¬ 
tional  areas  and  drag  coefficients  [72].  Considering 
behavior  over  the  complete  range  of  parent  drop 
shapes  (where  the  cross-stream/original  diameter  ra¬ 
tio  varies  in  the  range  1-2),  drag  coefficients  vary 
from  values  for  solid  spheres  to  thin  disks  (e.g.t  Cy 
of  0.4-1.2  for  Re  of  100-2500  [72]).  Combining  this 
result  with  deformation  data  then  implies  that  drag 
forces  increase  by  factors  up  to  4  and  13  times  the 
initial  values  for  spherical  drops  for  deformation 
conditions  typical  of  the  onset  of  breakup  with 
steady  and  shock-wave  disturbances.  This  behavior 
clearlv  has  an  important  impact  on  breakup  dynam¬ 
ics  and  interphase  transport  rates  [72]. 

Breakup  outcomes,  or  the  jump  conditions  giving 
drop  size  and  velocity  distributions  after  breakup, 
have  been  measured  for  pf/pg  >  500  and  Oh  <0.1 
[72-74].  First  of  all,  the  size  distributions  of  drops 
produced  by  secondary  breakup  (excluding  the  par¬ 
ent  drop  for  shear  breakup,  which  must  be  treated 
differently)  satisfy  Simmons’s  [47]  root-normal  dis¬ 
tribution  function  with  MMD/SMD  =  1.2,  which  is 
not  surprising  since  this  distribution  is  effective  for 
other  drop  size  properties  of  sprays.  A  correlating 
expression  for  the  SMD  after  breakup  was  devel¬ 
oped  considering  the  shear  breakup  regime  and  fo¬ 
cusing  on  the  stripping  of  liquid  from  the  parent 
drop.  Analogous  to  ligament  growth  and  drop  for¬ 
mation  caused  by  vortical  layers  during  primary 
breakup  (see  Fig.  4),  it  was  assumed  that  ligaments, 
and  drops  breaking  away  from  the  tips  of  ligaments, 
had  diameters  that  were  comparable  to  the  thickness 
of  the  laminar  boundaiy  layer  that  forms  along  the 


liquid  surface  on  the  upwind  side  of  the  drop.  Other 
major  assumptions  of  the  analysis  were  as  follows: 
liquid  velocities  in  the  vortical  layer  are  on  the  order 
of  Uf0  =  (pJpr)m  as  suggested  by  Ranger  and 
Nicnolls  [7^]  for  shear  breakup,  the  length  of  the 
vortical  region  proportional  to  d0 ,  the  thickness  of 
the  vortical  region  was  estimated  from  the  thickness 
of  laminar  boundary  layer  on  a  flat  surface  of  similar 
length,  and  the  SMD  was  also  proportional  to  the 
thickness  of  this  boundary  layer.  Based  on  these 
ideas,  the  following  expression  was  obtained  as  the 
best  fit  of  available  measurements  of  drop  sizes  at 
the  end  of  secondary’  breakup  [72]: 

SMD /d0  =  6.'2(pf/(pfd0(pJpf)V2  Uo))^- 

=  6.2/Re"2  (5) 

which  can  be  recognized  as  a  relationship  associating 
the  SMD  with  the  thickness  of  a  laminar  boundaiy 
layer  for  a  fiat  plate  having  a  length  da  and  an  am¬ 
bient  velocity  n0  [60]. 

Available  measurements  of  the  SMD  after  second¬ 
ary  breakup  for  shock-wave  disturbances  at  small  Oh 
and  p/pg  >  500  are  illustrated  in  Fig.  8  along  with 
the  correlation  of  Eq.  (5).  (Note  that  Eq.  [5]  has 
been  multiplied  by  pa  u^la  and  rearranged  to  provide 
a  plot  of  pg  SMD  which  is  a  Weber  number 
based  on  the  SMD,  to  discuss  the  potential  for  sub¬ 
sequent  breakup.)  Remarkably,  the  single  correla¬ 
tion  developed  for  shear  breakup  yields  the  SMD 
after  bag,  multimode,  and  shear  breakup.  This  be¬ 
havior  must  still  be  explained,  although  other  prop¬ 
erties,  for  example,  times  for  the  onset  and  end  of 
breakup,  are  also  independent  of  the.  breakup  re¬ 
gime.  Superficially,  it  is  evident  that  the  Weber  num¬ 
ber  based  on  the  S  M  D  exceeds  criteria  for  secondary 
breakup  at  small  Oh\  nevertheless,  subsequent 
breakup  of  the  large  drops  in  the  distribution  still 
does  not  occur.  This  comes  about  because  these 
drops  have  had  time  to  adjust  to  the  ambient  flow 
so  that  deformation  and  breakup  criteria  for  abrupt 
disturbances  are  no  longer  appropriate  [72-74].  An¬ 
other  remarkable  feature  of  these  results,  evident 
from  Eq.  (5),  is  that  drop  sizes  after  secondary 
breakup  depend  on  pj  but  not  a,  even  though  the 
criteria  for  deformation  and  breakup  regimes  de¬ 
pend  on  a  but  not  pj  at  comparable  conditions.  Nat¬ 
urally,  this  behavior  also  contradicts  the  classical  aer¬ 
odynamic  breakup  theories  proposed  for  small  Oh 
conditions  [2,66].  Thus,  for  turbulent  primary 
breakup,  drop  sizes  after  primary  breakup  are  in¬ 
dependent  of  pj  (see  Fig.  6),  while  drop  sizes  after 
secondary  breakup  are  independent  of  <7;  therefore, 
general  drop  size  correlations  for  pressure  atomiza¬ 
tion  that  involve  both  properties  (see  Refs.  1,  4,  6, 
12_14  and  references  cited  therein)  obtain  these  ef¬ 
fects  from  separate  contributions  of  primary  and 
secondary  breakup. 

Jump  conditions  for  the  properties  of  the  parent 
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drop  after  shear  breakup  and  for  the  velocity  distri¬ 
butions  of  drops  produced  by  bag,  multimode,  and 
shear  breakup  have  also  been  developed  and  corre¬ 
lated  successfully  using  phenomenological  theories 
[72-74].  The  stabilization  of  the  parent  drop  pro¬ 
vides  insight  about  secondary  breakup:  it  is  found 
that  this  occurs  when  the  acceleration  rates  of  the 
drop  decline  so  that  the  Eotvos  number  is  roughly 
16,  which  is  close  to  the  criterion  for  the  onset  of 
drop  breakup  for  steady  disturbances.  The  drop  size/ 
velocity  correlation  predictably  shows  that  the  small¬ 
est  drops  produced  by  breakup  have  the  smallest 
relative  velocities  with  respect  to  the  gas  at  the  end 
of  breakup  because  of  their  small  relaxation  times. 

The  findings  about  jump  conditions  after  second¬ 
ary  breakup  show  that  these  processes  extend  over 
a  considerable  region  of  time  and  space:  total 
breakup  times  are  5.5  t *,  and  drops  extend  over  a 
streamwise  distance  of  roughly  100  da  at  the  end  of 
shear  breakup  [72-74].  This  behavior  implies  that 
secondary  breakup  should  be  treated  as  a  rate  pro¬ 
cess  rather  than  by  jump  conditions,  in  many  in¬ 
stances.  Work  to  provide  the  needed  temporal  prop¬ 
erties  for  shear  breakup  caused  by  shock-wave 
disturbances  at  small  Oh  and  large  p//pa  has  been 
initiated  [75];  nevertheless,  more  work  j3ong  these 
lines  is  needed  to  provide  the  technology  base  re¬ 
quired  for  reliable  models  of  practical  sprays.  Other 
issues  that  should  be  resolved  for  secondary  breakup 
include  consideration  of  all  breakup  regimes,  behav¬ 
ior  at  p/p„  <  500,  and  behavior  at  large  Oh. 

Drop/Turbulence  Interactions 
Spray  Analysis 

Given  information  about  atomization  to  yield  a  di¬ 
lute  dispersed  flow,  subsequent  interactions  be¬ 
tween  the  phases  to  produce  gaseous  reactants  for 
spray  combustion  must  be  considered.  The  approach 
to  these  problems,  however,  depends  on  the  way  that 
sprays  are  modeled;  therefore,  typical  spray  models 
will  be  considered  briefly  in  the  following  (see  Refs. 
3,  4, 15,  16,  and  20  for  a  more  complete  discussion). 

As  shown  by  the  discussion  of  spray  structure, 
practical  spray  models  must  consider  separated  flow. 
Continuum  formulations  provide  one  approach  to 
treat  separated  flow,  but  they  will  not  be  considered 
because  they  are  not  widely  used  for  sprays  because 
of  problems  of  computational  efficiency  for  dilute 
dispersed  flows.  In  contrast,  discrete-element  for¬ 
mulations  provide  popular  separated-flow  treat¬ 
ments  for  sprays.  These  methods  involve  a  Eulerian 
formulation  for  the  continuous  phase,  a  Lagrangian 
formulation  to  track  representative  drop  groups 
through  the  flow,  and  terms  in  both  formulations  to 
treat  interphase  transport  [20].  There  are  two  main 
discrete-element  formulations:  namely,  determinis¬ 


tic  separated  flow  (DSF)  where  dispersed-phase 
(drop)/turbulence  interactions  are  ignored  and  sto¬ 
chastic  separated  flow  (SSF)  where  drop/turbulence 
interactions  are  considered.  The  DSF  approach  is 
not  very  satisfying,  however,  because  drop  motion  is 
limited  to  deterministic  trajectories  prescribed  by 
their  initial  conditions  and  mean  gas  properties 
throughout  the  dispersed-flow  field.  As  a  result,  DSF 
predictions  exhibit  unphysical,  laminar-like  behavior 
where  drops  collect  in  low- velocity  regions  [3,20]; 
therefore,  SSF  methods  dominate  recent  spray  mod¬ 
els  to  better  represent  the  mixing  properties  of  tur¬ 
bulent  sprays. 

Motivated  by  the  preceding  discussion,  present 
considerations  of  drop/turbulence  interactions  will 
emphasize  the  SSF  model  perspective.  There  are 
three  main  drop/turbulence  interactions  of  interest: 
(1)  the  dispersion  of  drops  by  turbulence,  which  is 
an  effect  of  turbulence  on  drop  properties;  (2)  the 
modification  of  turbulence  properties  by  the  motion 
of  drops,  which  is  a  reverse  effect  of  drops  on  tur¬ 
bulence  properties;  and  (3)  the  modification  of  in¬ 
terphase  transport  rates  by  effects  of  turbulence 
fluctuations,  which  is  a  combination  of  the  two.  The 
modification  of  interphase  transport  rates  by  turbu¬ 
lence  will  be  discussed  later;  therefore,  present  con¬ 
siderations  are  limited  to  turbulent  dispersion  and 
turbulence  modification,  seeking  to  extend  the  ear¬ 
lier  reviews  of  Crowe  et  al.  [88]  and  Hetsroni  [89]. 

Turbulent  Drop  Dispersion 

The  earliest  treatments  of  turbulent  drop  (parti¬ 
cle)  dispersion  were  based  on  the  gradient-diffusion 
approximation  using  empirical  gas/particle  exchange 
coefficients;  unfortunately,  implementing  a  gradient- 
diffusion  process  is  not  convenient  for  SSF  compu¬ 
tations,  while  estimates  of  needed  exchange  coeffi¬ 
cients  are  problematic  because  they  are  influenced 
by  both  particle  and  turbulence  properties  [20], 
Thus,  recent  work  exploits  the  SSF  method  to  di¬ 
rectly  compute  particle  dispersion  by  turbulence, 
based  on  methods  analogous  to  numerical  simula¬ 
tions  of  turbulence.  As  a  result,  these  methods  tend 
to  compensate  for  effects  of  turbulence  fluctuations 
on  interphase  transport  rates — at  least  for  fluctua¬ 
tions  at  scales  larger  than  particle  sizes,  which  is  gen¬ 
erally  the  most  important  range  for  combusting 
sprays  [20],  '  .  -  ■ 

Development  of  SSF  methods  to  treat  turbulent 
dispersion  initially  was  based  on  classical  measure¬ 
ments  of  particle  dispersion  in  isotropic  turbulence 
[90,91],  although  a  variety  of  dispersed  turbulent 
flows  were  subsequently  considered  (see  Refs.  92- 
106  and  references  cited  therein).  These  simulations 
generally  assumed  quasi-steady  interphase  transport 
while  treating  effects  of  particle  inertia,  drag,  virtual 
mass,  Basset  history  forces,  body  forces,  Magnus 
forces,  and  Saffman-lift  forces  to  the  extent  that 
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FlC.  9.  Turbulent  dispersion  of  particles  in  a  grid-gen¬ 
erated  turbulent  isotropic  flow.  From  Shuen  et  al.  [94]; 
measurements  from  Snyder  and  Lumley  [90];  predictions 
from  Gosman  and  Ioannidis  [93]  and  Shuen  et  al.  [94]. 


these  effects  were  important  (see  Clift  et  al.  [6]  for 
review  of  these  effects).  Trajectories  of  a  statistically 
significant  number  of  particles  throughout  the  flow 
were  then  computed  based  on  simulation  of  the  flow 
field  along  the  particle  path.  Progress  with  these 
methods  mainly  has  involved  improvements  of  ways 
to  simulate  the  flow  field,  because  computing  par¬ 
ticle  motion  in  a  known  flow  is  straightforward. 

The  earliest  SSF  simulations  of  particle  dispersion 
were  based  on  interactions  between  particles  and  a 
succession  of  uniform-property  integral-scale-sized 
eddies  [92-96].  Eddy  velocities  were  found  by  ran¬ 
dom  selections  from  the  probability  density  function 
(PDF)  of  velocity  fluctuations,  while  interactions  be¬ 
tween  particles  and  particular  eddies  extended  for 
either  the  eddy  lifetime  or  the  transit  time  required 
for  the  particle  to  traverse  the  eddy.  Eddy  properties 
were  found  mainly  from  turbulence  model  predic¬ 
tions,  with  K-e  models  often  used  except  for  funda¬ 
mental  isotropic  flows  where  eddy  properties  were 
known  from  measurements  [90,91]. 

Early  turbulent  dispersion  predictions  were  sur¬ 
prisingly  successful,  in  view  of  the  crude  treatment 
of  flow  properties  [92-96].  A  typical  example  of  the 
comparison  between  predictions  and  measurements 
is  illustrated  in  Fig.  9.  These  measurements  involve 
the  dispersion  of  various  types  of  solid  particles  in¬ 
jected  into  a  turbulent  isotropic  flow  downstream  of 
a  grid  [90].  SSF  predictions  from  Refs.  93  and  94 
involve  somewhat  different  treatments  of  particle/ 
eddy  interactions,  yet  both  are  in  good  agreement 
with  the  measurements,  which  included  conditions 
in  which  both  eddy  lifetimes  and  transit  times  con¬ 
trolled  interaction  times. 

Subsequent  studies  of  turbulent  particle  disper¬ 
sion  sought  to  remove  the  ad  hoc  features  of  the 
early  models.  Gouesbet  and  co-workers  [97-99]  de¬ 
veloped  methods  to  statistically  simulate  a  variety  of 
turbulent  flow  properties  (e.g.,  moments,  correla¬ 
tions)  along  a  particle  path,  similar  to  methods  used 
for  statistical  time  series' simulations  [100],  although 


thev  developed  their  procedures  independently. 
Later  studies  of  the  dispersion  of  nearly  monodis- 
perse  particles  in  stationary  particle-generated  tur¬ 
bulence  used  similar  methods  to  yield  good  agree¬ 
ment  between  measured  and  predicted  turbulence 
properties  [101].  M&xey  [102]  considered  alternative 
simulations  based  on  randomly  selected  Fourier 
modes  to  treat  turbulent  dispersion  in  isotropic  tur¬ 
bulence.  Subsequent  work  addressed  turbulent  dis- 
ersion  in  various  turbulent  isotropic  and  shear 
ows,  using  progressively  more  detailed  simulations 
of  continuous-phase  flow  properties  [103-106]. 

Taken  together,  the  need  to  treat  turbulent  dis¬ 
persion  during  analysis  of  sprays  has  been  estab¬ 
lished  and  there  has  been  significant  progress  toward 
understanding  the  main  features  of  the  turbulent 
dispersion  of  particles  (drops).  Thus,  improved  un¬ 
derstanding  of  turbulent  dispersion  is  impeded 
mainly  by  long-standing  problems  of  finding  accu¬ 
rate,  physically  based,  and  computationally  tractable 
ways  to  simulate  the  properties  of  turbulent  flows. 

Turbulence  Modification 

Turbulence  modification  will  be  defined  narrowly 
in  the  following  to  include  only  direct  effects  of  the 
dispersed  phase  on  the  turbulence  properties  of  the 
continuous  phase.  This  definition  excludes  indirect 
effects  in  which  the  motion  of  the  dispersed  phase 
modifies  the  distribution  of  mean  quantities  and  thus 
local  distributions  of  turbulence  production  and  dis¬ 
sipation  within  the  continuous  phase.  Turbulence 
modification  has  been  discussed  in  several  earlier  ar¬ 
ticles  (see  Refs.  20,  SS,  S9,  101,  and  107-114  and 
references  cited  therein);  thus,  present  considera¬ 
tions  will  emphasize  recent  findings.  For  conven¬ 
ience,  only  effects  of  interphase  momentum  trans¬ 
port  between  particles  and  the  continuous  phase  will 
be  considered  because  generalization  to  other  dis¬ 
persed  phases  and  transport  processes  is  not  diffi¬ 
cult.  - 

Hinze  [107]  identifies  several  turbulence  modifi¬ 
cation  mechanisms.  Two  of  these  mechanisms  are  of 
particular  interest  under  the  present  narrow'  defini¬ 
tion  of  turbulence  modification  for  dilute  dispersed 
flows  typical  of  spray's  [101,105,110-114]:  (1)  the  ex¬ 
change  of  kinetic  energy  between  a  particle  and  an 
eddy  as  the  particle  accommodates  to  the  eddy  ve¬ 
locity,  denoted  turbulence  modulation  in  the  past 
[89,105],  which  generally  decreases  turbulent  fluc¬ 
tuations;  and  (2)  the  direct  disturbance  of  the  con¬ 
tinuous-phase  velocity  field  by  particle  wakes,  de¬ 
noted  turbulence  generation  in  the  past  [101,105], 
which  generally  increases  turbulent  fluctuations. 
Evaluating  the  relative  magnitude  of  these  effects  to 
determine  whether  turbulence  modification  will  in¬ 
crease  or  decrease  turbulence  levels  has  been  ad¬ 
dressed  by  a  number  of  investigators  [89,110,112]. 
Based  on  a  review  of  past  measurements,  Gore  and 
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FlG.  10.  Streamwise  and  cross-stream  rms  velocity  fluc¬ 
tuations  caused  by  homogeneous  dispersed  flows  of  mono- 
disperse  spheres.  From  VVu  and  Faeth  [114];  measure¬ 
ments  from  Parthasarathy  and  Faeth  [101]  and  Mizukami 
et  al.  [Ill];  predictions  from  Wu  and  Faeth  [114]. 

Crowe  [110]  concluded  that  turbulence  modification 
reduced  (increased)  turbulence  levels  for  smaller 
(larger)  particles  with  transition  between  these  re¬ 
gimes  at  d„/le  **  0.1.  This  behavior  is  plausible  be¬ 
cause  small  (large)  particles  accommodate  rapidly 
(slowly)  to  local  eddy  velocities,  increasing  (decreas¬ 
ing)  effects  of  turbulence  modulation,  and  have  rel¬ 
atively  weak  (strong)  wake  disturbances,  decreasing 
(increasing)  effects  of  turbulence  generation.  Nev¬ 
ertheless,  past  observations  of  effects  of  turbulence 
modification  are  scattered  when  viewed  in  terms  of 
dp/le  alone,  suggesting  that  other  parameters  are  im¬ 
portant  as  well.  Hetsroni  [89]  observes  a  similar  ef¬ 
fect  of  particle  size  on  turbulence  modification  and 
related  this  behavior  to  particle  Reynolds  number, 
finding  a  critical  particle  Reynolds  number  of  400 
(associated  with  the  onset  of  vortex  shedding  from 
the  particle)  between  the  turbulence  modulation 
and  generation  regimes.  Finally,  Yuen  and  Michae- 
lides  [112]  report  a  more  phenomenological  treat¬ 
ment  of  this  issue,  based  on  models  of  both  turbu¬ 
lence  modulation  and  generation,  that  successfully 
correlates  most  existing  observations  of  effects  of 
turbulence  modification  on  turbulence  levels  within 
dispersed  multiphase  flows. 

Turbulence  generation  tends  to  dominate  turbu¬ 
lence  modification  in  sprays  because  they  are  dilute 
dispersed  flows  with  large  separated-flow  effects  and 
thus  strong  particle  wakes  [101,111].  In  addition, 
turbulence  generation  is  generally  more  important 
than  conventional  single-phase  mechanisms  of  tur¬ 


bulence  production  in  dense  sprays  because  they 
usually  involve  relatively  small  mean  velocity  gradi¬ 
ents  in  combination  with  relatively  large  velocity  dif¬ 
ferences  between  the  phases  (see  Fig.  3).  Thus,  the 
turbulence  properties  of  dense  sprays  are  dominated 
by  turbulence  generation  by  drops  and  conventional 
turbulence  dissipation  in  the  continuous  phase  yield¬ 
ing  turbulence  fields  whose  properties  differ  signifi¬ 
cantly  from  conventional  single-phase  turbulence,  as 
discussed  next.  - 

Past  measurements  carried  out  to  emphasize  ef¬ 
fects  of  turbulence  modulation  have  involved  uni¬ 
form  fluxes  of  nearly  monodisperse  particles  moving 
at  terminal  velocities  through  stagnant  (in  the  mean) 
water  and  air  baths  [101,109,111].  The  resulting 
flows  are  homogeneous  and  stationary,  with  turbu¬ 
lence  production  largely  due  to  turbulence  genera¬ 
tion  by  particles.  Stochastic  analysis  has  been  used 
to  help  interpret  and  correlate  laser  velocimetiy 
measurements,  which  involved  methods  similar  to 
analysis  of  random  noise  by  considering  the  flow  to 
result  from  superposition  of  randomly  arriving  par¬ 
ticle  wakes  [101],  while  basing  the  structure  of  the 
wakes  on  measurements  for  spheres  at  comparable 
(intermediate)  Reynolds  numbers  in  turbulent  en¬ 
vironments  [114].  An  interesting  feature  of  these 
flows  is  that  the  local  rate  of  dissipation  of  turbu¬ 
lence  kinetic  energy  mainly  controls  continuous- 
phase  properties.  This  dissipation  rate  can  be  found 
easily  because  it  is  equal  to  the  local  loss  of  particle 
mechanical  energy,  that  is, 

e  =  n  n*d~  CDpt  (up  -  uf/ 8  .  (6) 

Measurements  of  streamwise  and  cross-stream 
relative  turbulence  intensities,  u/U  and  v'/Uf  for 
flows  dominated  by  turbulence  generation,  are  plot¬ 
ted  as  suggested  by  the  stochastic  theory  in  Fig.  10, 
alone  with  predictions  based  on  the  stochastic  theory 
[114].  Predictions  ignoring  effects  of  velocity  flue-  . 
tuations  in  the  particle  wakes  are  not  satisfactory  be¬ 
cause  velocity  fluctuations  are  large  in  intermediate 
Reynolds  number  wakes  [114];  however,  predictions 
including  effects  of  velocity  fluctuations  are  seen  to 
be  reasonably  good.  The  values  of  relative  turbu¬ 
lence  intensities  are  relatively  small  for  particle  flows 
in  gases  at  the  conditions  of  these  experiments.  Ac¬ 
tual  turbulence  intensities  are  large,  however,  be¬ 
cause  the  velocities  of  the  particles  are  much  larger 
than  the  gas,  which  is  typical  of  practical  dense 
sprays.  In  addition,  these  particle-generated  turbu¬ 
lent  flows  have  properties  that  are  distinctly  different 
from  conventional  turbulent  flows  because  mean 
wake  properties  contribute  to  the  turbulence  since 
the  arrival  of  particle  w'akes  is  random.  Thus,  the 
degree  of  anisotropy  of  these  flows  is  unusually  large, 
length  scales  correlate  with  particle  wake  properties 
rather  than  with  the  mean  spacing  between  particles, 
and  the  range  of  length  scales  is  unusually  large  be¬ 
cause  both  mean  and  fluctuating  wake  properties 
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Fig.  11.  Measurements  of  radial  profiles  of  mean 
streamwise  velocities  within  the  laminar-like  turbulent 
sphere  wakes  at  intermediate  Reynolds  numbers  for  an  am¬ 
bient  turbulence  intensity  of  roughly  4%.  From  VVu  and 
Faeth  [114]. 

contribute  to  the  turbulence,  among  others 
[101,111,114].  Thus,  most  features  of  these  extraor¬ 
dinary  turbulent-like  flows,  including  their  behavior 
when  they  interact  with  more  conventional  mecha¬ 
nisms  of  turbulence  production,  are  not  understood 
and  clearly  merit  additional  study. 

The  properties  of  turbulence  modification  high¬ 
light  the  need  for  information  about  the  properties 
of  particle  wakes  at  intermediate  Reynolds  numbers 
(Re  <  1000)  in  turbulent  environments  typical  of 
dense  sprays.  This  problem  has  been  addressed  con¬ 
sidering  velocities  within  particle  wakes  in  both  non- 
turbulent  and  turbulent  environments  [114].  The 
latter  conditions  are  most  important  for  processes  of 
turbulence  modification  and  yield  rather  interesting 
wake  properties;  some  typical  examples  of  measured 
mean  velocities  are  illustrated  in  Fig.  11.  A  remark¬ 
able  feature  of  these  results  is  that  the  distributions 
of  mean  velocities  exhibit  extended  regions  in  which 
they  scale  just  like  self-preserving  laminar  wakes 
having  constant  viscosities  (and  thus  they  have  been 
called  laminar-like  turbulent  wakes)  with  effects  of 
ambient  turbulence  manifested  by  enhanced  viscos¬ 
ities  compared  to  molecular  viscosities.  In  addition, 
the  enhanced  viscosities  correlate  with  sphere  Reyn¬ 
olds  numbers  and  relative  turbulence  intensities,  ex¬ 


hibiting  distinct  small  and  large  Reynolds  number 
regimes  separated  by  a  transition  regime  for  Re  of 
300-400,  where  effects  of  vortex  sheading  from  the 
spheres  are  evident.  Laminar-like  turbulent  wakes 
also  have  large  velocity  fluctuations  that  contribute 
to  the  properties  of  turbulence  modification,  as  dis¬ 
cussed  in  connection  with  Fig.  10.  Thus,  improved 
understanding  of  the  properties  of  wakes  at  inter¬ 
mediate  Reynolds  numbers  in  turbulent  environ¬ 
ments  is  needed  to  better  understand  turbulent  mix¬ 
ing  phenomena  within  dense  sprays,  emphasizing  a 
broader  range  of  particle  Reynolds  numbers  and  am¬ 
bient  turbulence  intensities  than  past  work,  ambient 
turbulence  properties  typical  of  conditions  in  which 
effects  of  turbulent  modification  are  dominant,  and 
scalar  mixing  properties. 

Individual  Drop  Transport 

Drop  Transport  Environment 

Drop  transport  occurs  in  dilute  dispersed  flows 
where  effects  of  nearby  drops  are  small,  even  in 
dense  sprays  [41—45].  In  addition,  drop  evaporation 
is  important  even  in  combusting  sprays  because  re¬ 
actant  gasification  and  combustion  tend  to  occur  in 
separate  stages,  as  noted  earlier.  Finally,  direct  com¬ 
bustion  of  drops  is  also  important  because  drops 
reach  the  combustion  zone  of  sprays  in  some  in¬ 
stances.  As  a  result,  evaporation  and  combustion  of 
isolated  drops  have  received  significant  attention 
(see  the  earlier  reviews  [1,8, 10,1 1,20]  and  references 
cited  therein).  The  present  brief  discussion  seeks  to 
update  this  information,  emphasizing  detailed  nu¬ 
merical  simulations  that  are  increasingly  being  used 
to  address  complex  drop  transport  processes. 

Two  aspects  of  drop  transport  in  dilute  dispersed 
flows  will  be  considered:  (1)  high-pressure  drop 
evaporation  and  combustion,  where  thermodynamic 
properties  are  complex  because  of  real-gas  effects, 
and  (2)  finite-rate  chemistry  effects  during  drop 
combustion,  which  have  been  addressed  mainly  at 
moderate  pressures.  Effects  of  turbulence  on  drop 
transport  rates  also  are  important  but  must  be  omit¬ 
ted  because  of  space  limitations;  information  about 
these  effects  can  be  found  in  Refs.  1-6  and  20,  while 
recent  studies  of  drop  transport  in  isotropic  turbu¬ 
lence  (see  Birouk  et  al.  [115]  and  references  cited 
therein)  also  provide  a  useful  introduction  to  the 
field.  '  ; 

High-Pressure  Phenomena 

Extensive  study  of  drop  transport  at  high  pressures 
has  been  motivated  by  applications  to  diesel  engines, 
liquid  rocket  engines,  and  aircraft  propulsion  sys¬ 
tems.  The  main  new  issue  is  the  approach  of  liquids 
to  the  thermodynamic  critical  point  during  evapo- 
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heptane  drops  in  air  at  high  pressures.  From  Canada  and 
Faeth  [118]. 

ration  and  combustion  at  high  pressures,  where  mul¬ 
tiphase  transport  evolves  toward  mixing  of  gaseous 
pockets  of  the  dispersed  phase  in  a  gaseous  contin¬ 
uous  phase.  Because  of  limited  available  information 
about  high-temperature  reaction  mechanisms  at 
high  pressures,  however,  past  treatments  of  com¬ 
bustion  chemistry  have  been  highly  simplified,  with 
thermodynamic  issues  receiving  the  greatest  empha¬ 
sis.  Past  studies  of  drop  combustion  at  high  pressures 
are  reviewed  and  reported  in  Refs.  4,  20,  and  116- 
125  and  references  cited  therein. : 

*  Real-gas  effects  and  the  presence  of  dissolved 
gases  in  the  liquid  phase  are  important  at  high  pres¬ 
sures.  Effects  of  solubility  are  illustrated  in  Fig.  12, 
where  predicted  gas-  and  liquid-phase  compositions 
at  the  liquid  surface  are  plotted  as  a  function  of  pres¬ 
sure  for  steady  drop  evaporation  at  the  wet  bulb  state 
(where  all  the  heat  reaching  the  liquid  surface  is 
used  to  vaporize  the  evaporating  material).  These 
results  are  for  propanol- 1  and  n-heptane  drops  evap¬ 
orating  in  gas  mixtures  resulting  from  adiabatic  and 
stochiometric  combustion  of  these  fuels  in  air,  as¬ 
suming  complete  combustion,  with  real-gas  effects 
treated  using  the  Redlich-Kwong  equation  of  state. 
It  should  be  noted  that  similar  predictions  have 
agreed  reasonably  well  with  measured  drop  surface 
temperatures  and  gasification  rates  at  high  pres¬ 
sures,  in  spite  of  the  simplifications  [117-119].  The 


results  illustrate  the  dramatic  increase  of  dissolved 
gas  concentrations,  reaching  values  of  50-60%  (mol- 
al)  as  the  liquid  surface  approaches  the  thermody¬ 
namic  critical  point  (where  all  properties  of  both 
phases  are  the  same  and  liquid  surface  properties 
are  lost).  For  the  conditions  illustrated  in  Fig.  12, 
this  critical  combustion  condition  is  reached  at  a 
pressure  of  roughly  100  atm,  which  is  typical  of  hy¬ 
drocarbon  drops  evaporating  in  their  adiabatic  and 
stoichiometric  products  of  combustion  in  air.  Drops 
evaporating  at  conditions  other  than  stoichiometric 
conditions  would  reach  critical  combustion  condi¬ 
tions  at  even  higher  pressures  [30,31].  These  critical 
combustion  pressures  are  significantly  higher  than 
the  critical  pressure  of  the  pure  liquid  fuel  because 
dissolved  combustion  product  gases  tend  to  have 
higher  critical  pressures  than  the  pure  fuel,  while  the 
critical  pressures  of  mixtures  tend  to  be  higher  than 
the  critical  pressures  of  the  individual  pure  compo¬ 
nents  of  the  mixture  [116-119]. 

Clearly,  determining  conditions  at  which  drop  sur¬ 
faces  reach  the  thermodynamic  critical  point  and  es¬ 
tablishing  reliable  ways  to  treat  real-gas  effects  for 
combustion  gas  mixtures  at  high  pressures  are  im¬ 
portant  for  treating  practical  high-pressure  combus¬ 
tion  phenomena.  Unfortunately,  review  of  past  work 
treating  these  problems  reveals  significant  deficien¬ 
cies,  with  large  error  bands  and  limited  evaluation 
of  methods  of  estimating  high-pressure  drop  com¬ 
bustion  properties.  Particular  limitations  involve  ac¬ 
curate  treatment  of  the  real-gas  properties  of  the 
light  and  polar  compounds  present  in  combustion 
gas  mixtures  (e.g.,  H2,  H20,  CH4)  and  the  lack  of 
convincing. experimental  evaluations  of  predictions 
for  combustion  gas  mixtures  of  practical  interest. 
Other  areas  where  improvements  are  needed  in¬ 
clude  ways  to  treat  effects  of  finite-rate  chemistry, 
fuel  decomposition,  soot  chemistry,  and  convection 
for  high-pressure  drop  transport  processes. 

Effects  of  convection  on  high-pressure  drop  evap¬ 
oration  have  been  studied  recently  for  liquid  oxygen 
droplets  in  high-temperature  gaseous  hydrogen 
flows,  because  of  liquid  rocket  engine  applications 
[122-125].  These  studies  have  involved  detailed  nu¬ 
merical  simulations  of  transient  •  drop  convection 
processes  treating  real-gas  effects  using  simple  cor¬ 
responding-state  principles.  Typical  results  involving 
oxygen  drops  at  supercritical  conditions  for  various 
initial  relative  velocities  are  illustrated  in  Fig.  13. 
Temperatures  and  compositions  are  not  restrained 
by  phase-equilibrium  requirements  at  supercritical 
conditions;  therefore,  two  representative  mixing 
states  are  illustrated  by  the  critical  temperature  and 
critical  concentration  isoclines  shown  for  various 
times  during  the  process.  These  results  exhibit  ef¬ 
fects  of  inhibited  deformation  and  breakup  expected 
for  secondary  breakup  that  are  discussed  in  connec¬ 
tion  with  Fig.  7  and  clearly  resemble  drop  fluid 
motion  similar  to  shear  breakup.  Unfortunately, 
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- -  Critical  Mixing  Temperature  -  Critical  Mixing  Composition 

FlC.  13.  Evolution  of  critical  mixing  temperature  and  critical  mixing  concentration  profiles  for  high-pressure  vapori¬ 
zation  of  liquid  oxygen  drops  in  a  heated  hydrogen  stream.  From  Hsiao  et  al.  [125],  for  an  initial  drop  diameter  and 
temperature  of  100  pm  and  100  K  and  the  hydrogen  stream  temperature  of  1000  K. 


available  results  of  this  type  are  very  limited  and 
have  not  been  summarized  analogous  to  experimen¬ 
tal  investigations  of  drop  deformation,  breakup,  and 
transport  processes  [6S-S5].  Nevertheless,  numeri¬ 
cal  simulations  along  these  lines  offer  an  attractive 
alternative  to  difficult  experiments  for  studies  of 
high-pressure  drop  breakup  and  transport  that 
should  be  exploited  in  the  future. 

Combustion  Phenomena 

The  development  of  detailed  numerical  simula¬ 
tions  of  combustion  phenomena  has  been  a  major 
new  trend  in  combustion  science.  These  techniques 
involve  consideration  of  variable  thermodynamic 
and  transport  properties,  realistic  treatment  of  mul¬ 
ticomponent  transport  phenomena,  and  considera¬ 
tion  of  detailed  reaction  mechanisms  involving  nu¬ 
merous  individual  reaction  steps.  Thus  far,  these 
methods  have  been  applied  mainly  to  gaseous  pre¬ 
mixed  and  diffusion  flames;  nevertheless,  some  de¬ 
tailed  numerical  simulations  of  liquid-fueled  com¬ 
bustion  have  been  reported  (see  Refs.  126-129  and 
references  cited  therein).  This  methodology  pro¬ 
vides  an  attractive  way  to  address  drop  and  spray 
combustion  processes.  Consequently,  representative 
work  along  these  lines  is  discussed  briefly  in  the  fol¬ 
lowing,  considering  studies  of  drop  combustion  and 
related  studies  of  counterflow  diffusion  flames  in 
turn.  * 

Dryer  and  co-workers  [126-128]  have  carried  out 
detailed  numerical  simulations  and  corresponding 
experiments  for  the  classical  problem  of  drop  com¬ 
bustion  in  a  motionless  gas  environment.  Problems 


of  soot  chemistry  have  been  avoided  by  studying  the 
soot-free  flames  of  methanol/water  drops  burning  in 
OVNVHe  mixtures  at  NTP,  which  also  addresses  is¬ 
sues  of  water  recondensation  on  drops  that  are  im¬ 
portant  for  high-pressure  combustion  (see  Fig.  12). 
Such  soot-free  flames  are  a  useful  limiting  condition 
because  many  practical  spray  flames  involve  mixing 
conditions  in  which  soot  formation  is  avoided  while 
soot-free  flames  are  a  logical  precursor  to  the  com¬ 
plexities  of  soot  processes  in  flames.  In  addition, 
drop  combustion  in  motionless  gases  at  microgravity 
conditions  is  considered  to  yield  a  classical  flame 
configuration  in  which  complications  caused  by 
forced  and  natural  convection  are  avoided.  The  re¬ 
sulting  measurements  and  predictions  have  provided 
valuable  evaluations  of  thermodynamic,  transport, 
and  chemical  models  for  these  flames— demonstrat¬ 
ing  the  potential  for  future  work  along  these  lines. 
Issues  that  merit  particular  attention  in  the  future, 
including  other  ways  to  avoid  soot  (e.g.,  diluted  am¬ 
bient  gases,  reduced  pressures),  should  be  consid¬ 
ered  to  address  a  broader  range  of  liquid  fuels;  drop 
processes  should  be  studied  for  ambient  gas  condi¬ 
tions  representative  of  practical  spray  combustion 
processes  rather  than  just  air  at  NTP  (e.g.,  gas  com¬ 
positions  and  temperatures  for  adiabatic  combustion 
at  various  mixture  fractions,  as  illustrated  for  the 
LHF  approximation  in  Fig.  1);  the  use  of  advanced 
diagnostics  should  be  considered  to  gain  more  in¬ 
formation  about  flame  structure;  and  effects  of  var¬ 
ious  forced-convection  conditions  should  be  studied. 

Counterflow  diffusion  flames,  involving  an  oxi¬ 
dizer  stream  directed  vertically  downward  to  im¬ 
pinge  on  the  vaporizing  surface  of  a  pool  of  liquid 
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Fic,  14.  Measured  (points)  and  predicted  (lines)  structure  of  a  counterflow  diffusion  flame  at  NTP. 

From  Chelliah  et  al.  [129];  measurements  of  Kent  and  Williams  [130];  predictions  of  Chellian  et  al.  [129].  Test  conditions 
involved  V  —  305  mm/s,  n*-  0.185,  whereas  computations  used  a  strain  rate  of  64  s_l. 


fuel,  provide  an  experimental  configuration  that  is 
useful  for  studying  drop  combustion  [129-131].  In 
particular,  such  flames  are  steady,  allowing  detailed 
measurements  of  their  structure;  effects  of  convec¬ 
tion  and  flame  stability  can  be  addressed  easily  by 
varying  the  velocity  of  the  oxidant  stream.  This  con¬ 
figuration  yields  a  one-dimensional  steady  flow  that 
vastly  simplifies  numerical  computations  of  the  pro¬ 
cess,  allowing  consideration  of  detailed  chemical 
mechanisms. 

Chelliah  et  al.  [129]  report  a  representative  study 
of  liquid- fueled  counterflow  diffusion  flames.  Mea¬ 
surements  of  n-heptane-fueled  flames  burning  in 
O0/N2  mixtures  at  various  impingement  velocities  by 
Kent  and  Williams  [130]  and'  Hamins  and  Seshadri 
[131]  were  considered.  The  flame  structure  mea¬ 
surements  included  temperatures,  using  thermocou¬ 
ples  corrected  for  effects  of  radiation,  and  species 
concentrations,  using  gas  chromatography.  Flame 
conditions  were  adjusted  to  eliminate  soot  by  reduc- 
ing  02  concentrations  in  the  oxidant  stream  and  by 
maintaining  reasonably  high  impingement  velocities. 
The  most  complex  chemical  mechanism  considered 
involved  40  reversible  elementary  reactions,  al¬ 
though  several  reduced  mechanisms  were  studied  as 
well.  Typical  predictions  and  measurements  for 
these  flames  are  illustrated  in  Fig.  14.  The  agree¬ 
ment  between  predictions  and  measurements  is 
quite  encouraging,  except  for  discrepancies  for  H20 
that  are  attributed  to  experimental  problems.  An¬ 
other  area  of  uncertainty  involves  the  fact  that  the 
velocity  field  was  not  measured,  which  allowed  some 


flexibility  to  match  measured  and  predicted  temper¬ 
ature  profiles  by  adjusting  the  impingement  velocity 
along  the  axes  far  from  the  surface. 

■  *  Minor  deficiencies  aside.  Refs.  129-131  clearly  in¬ 
dicate  the  potential  of  studies  of  counterflow  diffu¬ 
sion  flames  to  gain  a  better  understanding  of  liquid 
combustion  processes.  Issues  that  merit  considera¬ 
tion  in  the  future  include  the  following:  measure¬ 
ments  of  velocities  and  radiative  properties  should 
be  undertaken  along  with  other  structure  measure¬ 
ments  to  reduce  uncertainties  about  evaluations  of 
predictions;  similar  to  the  drop  experiments  dis¬ 
cussed  earlier,  oxidant  stream  conditions  represen¬ 
tative  of  practical  spray  combustion  processes  (e.g.. 
Fig.  1)  should  be  addressed  in  addition  to  gases  at 
NTP;  a  broader  range  of  fuels  should  be  considered; 
evaluation  of  predictions  should  extend  to  flame  sta¬ 
bility  to  address  the  critical  issue  of  transition  from 
envelope  to  wake  flames  (see  Ref.  20  and  references 
cited  therein);  advanced  diagnostics  should  be  con¬ 
sidered  to  provide  more  definitive  information  about 
chemical  mechanisms  through  the  distributions  of 
radicals;  and  simplified  ways  of  treating  drop  com¬ 
bustion  (e.g.,  reduced  mechanisms)  should  be  con¬ 
sidered.  A  reasonable  desire  to  minimize  problems 
of  both  measurements  and  numerical  simulations 
will  no  doubt  encourage  consideration  of  soot-free 
flames,  as  in  the  past;  nevertheless,  effects  of  soot 
on  drop  combustion  processes  must  be  addressed 
eventually  to  obtain  a  reasonably  complete  technol¬ 
ogy  base  for  spray  combustion  phenomena. 
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Nomenclature 


cd,  Cd 

drag  coefficient 

d.dp 

jet  exit  and  drop  diameters 

ep 

drop  ellipticity  • 

le 

length  scale  of  energy-containing  eddies 

L 

passage  length 

Lc 

liquid  core  length 

MMD 

mass  median  drop  diameter 

particle  (drop)  number  flux 

Oh 

Ohnesorge  number, Mf/(pfdpG)m 

r 

radial  distance 

Re,  Ret 

drop  and  turbulence  Reynolds  number, 
Updytva,  updJvt 

Sauter  mean  diameter 

SMD 

time,  breakup  time,  time  of  initiation  of 
breakup 

r 

characteristic  time,  d^  [pJpf\vllup0 

u 

streamwise  velocity 

Up,  U 

drop  relative  streamwise  velocity 

V 

cross-stream  velocity 

Weber  number,  pjd0u~Ja,  piU-j/c 

We,  Wey 

X 

streamwise  distance 

-tp 

streamwise  distances  to  onset  and  end  of 

surface  breakup 

y 

cross-stream  distance 

mass  fraction  of  species  i 

volume  fraction  of  phase  i 

6 

thickness  of  viscous  liquid  layer 

e 

rate  of  dissipation  of  turbulence  kinetic  en- 

A 

ergy 

radial  integral  length  scale 

M 

molecular  viscosity 

molecular  and  turbulence  kinematic  vis¬ 
cosity 

P 

density 

a 

surface  tension 

Subscripts 

c 

centerline  value 

f 

liquid  property 

g.c 

gas  property 

L 

liquid  property 

0 

initial  condition 

CO 

far  from  surface 

Superscripts 

n 

time-averaged  mean  property 

O' 

time-averaged  rms  fluctuating  property 
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1612  INVITED  PLENARY  LECTURE 

COMMENTS 


William  A.  Sirignano ,  University  of  California,  Irvine, 
USA.  Do  you  agree  that  we  should  distinguish  between  ( 1) 
the  fluctuating  vorticity  advected  from  upstream  in  the  liq¬ 
uid  injector  (turbulence)  and  (2)  the  vorticity  associated 
with  the  velocity  jump  at  the  edge  of  the  liquid  jet?  If  so, 
how  do  you  propose  to  organize  the  nondimensionaJ  group¬ 
ings  to  reflect  this  distinction? 

Authors  Reply.  I  agree  that  it  is  crucial  to  distinguish 
between  vorticity  originating  in  the  injector  passage  and 
vorticity  originating  at  the  gas/liquid  interface  of  the  liquid 
jet  when  primary  breakup  properties  are  characterized. 
One  approach  for  treating  this  distinction  would  be  to  de¬ 
fine  transitions  to  corresponding  breakup  regimes  domi¬ 
nated  either  by  jet  exit  or  interface-generated  vorticity, 
somewhat  analogous  to  the  use  of  transition  criteria  to  dis¬ 
tinguish  whether  a  particular  condition  corresponds  to  lam¬ 
inar  or  turbulent  single-phase  flow. 

An  example  of  this  approach,  for  a  transition  similar  to 
the  one  that  you  mention,  involves  transition  to  the  merged 
turbulent  primary  breakup  regime  discussed  in  Ref.  51, 
where  secondary  breakup  begins  to  interfere  with  turbu¬ 
lent  primary  breakup.  Other  examples  of  the  use  of 
breakup  regime  transitions  to  define  regions  where  partic¬ 
ular  phenomena  are  important  are  discussed  in  connection 
with  Figs.  5  and  7. 


• 

Derek  Dunn-Rankin,  University  of  California,  Irvine, 
USA.  The  concept  of  dense  sprays  representing  a  dense 
cluster  of  wakes  rather  than  a  dense  cluster  of  drops  is  an 
interesting  one.  In  some  of  the  images  you  show  of  sec¬ 
ondary  breakup,  however,  there  appear  to  be  occurences 
of  locally  dense  clusters  of  small  droplets  that  have  resulted 
from  the  breakup  of  large  primary'  droplets.  Does  the  dense 
cluster  concept  hold  under  these  secondary'  breakup  con¬ 
ditions? 

Author’s  Reply.  Existing  measurements  of  RufT et  al.  [93] 
indicate  that  time-averaged  liquid  volume  fractions  near 
the  liquid-core  after  primary  breakup  of  a  liquid  jet  are  less 
than  0.L  percent,  with  larger  values  associated  with  the  in¬ 
termittent  presence  of  the  liquid  core  itself.  I  am  not  aware 
of  similar  information,  however,  concerning  distributions 
of  liquid  volume  fractions  for  particular  realizations  of  ei¬ 
ther  primary  or  secondary'  breakup  processes.  Informal  in¬ 
formation,  based  on  observations  of  hologram  reconstruc¬ 
tions  of  dispersed  flows  resulting  from  primary  and 
secondary'  breakup,  suggest  that  these  liquid  volume  frac¬ 
tions  are  low,  but  this  issue  merits  more  formal  study  for 
various  breakup  regimes  and  liquid/gas  density  ratios. 


